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I.  INTRODUCTION 

The work described here was performed by Ford Motor Conpany, 

Research Staff In the period January 1975 to March 1976. The principal 

Investigator was H. Holloway and other contributors were M. D. Hurley, 

C. B. Scheraer and K. P. Yeung. The contract was aonltored by R. E. Callender 

of NVLV 

The studies that are described were aimed at reduction of the 

capacitance of 1V-V1 seelconductor photodlodes, with particular emphasis upon 

3-5 »4!P> devices that are suitable for lightweight thermal inaglng syateae. 

The starting point was the thln-fll« Pb barrier IV-VI photodlodes that were 

discovered and developed by Ford Research Staff.  The essential references 

to this previous work and to new experimental detVKji are given In Section 2 

of the report. Section 3 goes on to a brief analysis of the Influence of 

cspacltance on the bandwidth of IV-VI photodlode/preampllfler combination« 

and describes an approach that has led to two novel photodlode concept«. 

The new devices, which we have named the plnched-off photodlode and the 

lateral-collection photodlode, arc described In detail In Sections 4 and 5, 

respectively.  Section 6 summarizes the results and draws conclusions about 

the preferred course for further worlf. 

(P 
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2.  EXPEKIHENTAL 

Th« technique« for thin-flla growth and for diode febrlceilon 

generally followed those that ere described In our previous reports/1"4^ 

P-type layers of PbT« and Ml^h^ were grown epltaxlally at 1-2 im/hr 

oo cleaved BaF2 substrates at 300-42S
oC In vacuua..  The binary components, 

PbTe and PbSe, were evaporated at 700-725OC fro« graphite effusion cells, 

with use of an laotheraal double cell^ for the alloy PbSen -Te 
0.8 0.2 

Secondary sources of Pb and of Se were used In an unsuccessful attempt to 

grow PbSe0 8Te0 2 layers with p < 1017cm_3.  The rstlonale for these 

experiments Is given In Section 4 and the experiments are described In 

Appendix II. 

Photodlodes were made as previously  ,:J) using vacuum-deposited 

Pb films to forr barriers and sputtered Pt films for ohmic contacts. 

The diode areas were delineated by opening windows in a vacuum-deposited 

insulating film of BaF2 following the technique of Asch at al.^ This 

method required some modif lestlone for the lateral-collection device« 

and these detslis are described in Section 5. 

Measurement techniques followed our previous work with the 

exception of capacitance, resistance, and reapooslvity mapping. The C-V 

snd R-V characteristics were obtained simultaneously using the lockin 

technique that is shown schematically in Pig. 1.  Reaponalvity mapping was 

performed with a flying-spot scanner  (Pig. 2).  The resolution obtained 

was 15 urn, which la within a factor of two of the estimated diffraction 

limit for our system. 

We are much indebted to R. E. Gellender and D. Kaplan of NVL, both for 
their advice on the design of scanners and for providing us with numerous 
scans from their system before ours was built.  Pigures 11, 74, and 78 of 
tMs report were provided by NVL. 
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3.     JlSTTION  CAPACITANCE 

Th« rtUtlvely   large static dUlectrlc constanta of  the  IV-V1 

aenlconductora tend to give  Inconveniently  Urge p-n Junction 

capacitances.     Por  llluatratlon,  we nay consider the one-sided  abrupt 

Junction,  whose dynamic  capacitance  is given by 

k 
A   . (I) 5 **. r vc 

9V 2(V + Vbl) 

«here A - Junction area, 

NA ■ acceptor concentration (for an n p Junction), 

q ■ electron charge, 

c - penaittivity, 

V • applied voltage (positive for backbias), 

Vbl' bullt~in voltage (% E /q for the canes of Interest) 

Taking typical values for a PbTe diode at zero bias, 

HA - ID
17«'3. 

c - 400 e , 
o 

Vbl- 0.22V, 

we obtain 

C/A * 1 pFc«"2, 

which la about a factor of five larger than for a similar InSb photo- 

diode that is suitable for the sane 3-5 um atmospheric window. 

The Influence of Junction capacitance on the useful bandwidth 

of a photodiode/preaaplifier combination may be obtained from the equivalent 

circuit shown in Fig. 3.  The following Blmplifying assumptions are made: 

(I) the preanpllfier input capacitance is negligible 

(II) the preanpllfier current and voltage noises are Independent 

of frequency and they have negligible effect at low 

frequencies 
fl 
i 
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(Ill)    thv detector has negligible 1/f noise  (this is usually 

true for  IV-V1 photodiodes provided that  they are 

appropriately biased). 

This leads to a frequency-dependent detectivity 

D*(f) -oa 
Ex |4kT/p ♦  2q2nQB + WfT?^^  ' 

(2) 

where 

P ■ RA,  the Junction  resistance-area product 

o - C/A,  the junction capacitance per unit  area 

n • quantum efficiency 

E. ■ photon energy 

T ■ operating  temperature 

Q- • background  photon  flux 

VN - preamplifier voltage noise  In unit  bandwidth 

A - diode srea 

f - operating frequency. 

At  low frequencies this reduces to the ususl D    expression 

»:■ 
JfL 

K. l4kT/p + 2q  nQj 

and at high frequencies It gives 

D*(f) -03. 

Bx.2wfoVNA- 

The  3dB point  for the rolloff  of D (f)  Is then given by the  frequency at which 

D.(f)  " V     Som* typic*!  results sre shown In Pig.  A.    Here we consider 

2 mil-square photodlodes with  5  ym and  12 um cutoffs ar.d with low-frequency 

1 

1 

I 
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dctccCivltlcs of  1.3 x lü      and 2.0 x  1010 caHzV l,  respectively.**    We have 

assuoed Junction capacitance« of  I  ufem    ,   reflectlon-loae-llmlted  quantua 

I! 
li 

fi 
efficiencies of  0.5,  and a typical  FLT voltage nolae of «nVHz \ 

The noat atrlklnR feature of  Fig.   4  la the  Increased severity of 

the bandwidth llaltatlon when the cutoff  Is changed  froa 12 pa to  5  ym.     In 

the exanple  chosen,   the  3dB point  shifts   froa 2 HH«  to 0.1 HUz.     The 

nuacrlcal   results change soaewhat with different  Input assumptions,  but  Che 

distinction between the two  spectral   regions  remains.    This  Indicates  that 

attempta  to reduce the Junction capacitance of   IV-VI  photodlodes are 

especially  laportanl  for 3-5 um  Imaging systems. 

One approach to low capacitance  is via reduction of  the dopant 

concentration.     Froa Eq.   (1)  it can be seen that  the capacitance   is propor- 

ionel to the square root of the dopant concentration so that an order of 

aagnitude  increase  In bandwidth will   require  two order« of magnitude decrease 

in dopant  concentration.      Essentially  this method has been demonstrated  for 

10.6 um  (Pb,Sn)Te detectors by Andre*« at §1. who used liquid-phase 

epitaxy  to obtain graded junctions with average dopant concentrations of 

10      -  10    cm"   .     At  1.5 V backblas,   diodes with area 1.7 x 10"4CB2  («V. 5 all 

aquare)  had capacitances as saall as  7pP,  corresponding to 0.04 uFca"2. 

However,   these  low-capacitance devices had quantum efficiencies of only 

5 - 102,  which  la  less  than the reflection-loss  limit by a factor of   5 -  10. 

For thermal  Imaging applications it   la also likely that  the occurrence of excess 

a 
This assumes a one-aided abrupt Junction.     The form of Eq.   (1)   is changed 
for other typea ot  Junction,  but  the argument about  the required magnitude 
for dopant concentration reduction  is not much affected. 

♦♦These  detectivities have been chosen as typical of  those reported  for  IV-VI 
photodlodes at  80K and 180° FOV and  the value  for  the 12 um cutoff device 
assumes a significant Johnson noise  contribution.    The 3dB pointa  for other 
values of D* aay be obtained by extrapolating D*(f)  to the new values of D*. 

' 
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(1/f) nolM will Halt Che usable backbUs to sow value lass than 1.5 V, 

so that tha appropriate capacitance of these devices omy be closer to their 

zero-biaa value of about 0.16 uPc«'2. 

In »electing approaches to lov-capacitance IV-V1 photodlodes for 

5-5 ua thermal laaglng applications we sought an alternative to tha low-dopant 

concentration method, which appears to have two disadvantages: 

(I)  The neceaaary subatantlal reduction In the dopant concen- 

tration requirea the development of growth technlquea that 

would be expected to be different for each IV-VI seaicon- 

ductor.  Thus, results obtained with one material such 

aa PbTe, would require significant further materials effort 

to permit their transfer to another semiconductor, such as 

Pb(Sa,Ta) or (Pb,Sn)Se. 

(ii) Aa ao far demonstrated with (Pb,Sn)Te, the attainment of small 

capacitance has required an unacceptable sacrifice of quantum 

efficiency and hence of detectivity (by a factor of 2-3 in 

the background limit and of 5-10 for Johnson-noise-limited 

devices).  Thus, it would be necessary to greatly Improve 

upon the quantum efficiency that has been previously obtained 

with such 10.6 um devices. 

The alternative approaches to low capacitance that we h^ve chosen 

are baaed upon the concept that the capacitance of a photodlode may be 

«-educed by reducing the p-n Junction area to some fraction of the detector 

active area.  In broad terms, thla somewhat resemblea the idea of concentrating 

m 
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thc incident photons by use of «a UHerslon lens.  The difference It that 

here «• are concerned with concentration of the photogenaratad aloorlty 

* In an elegant variation of the Inmeralon lana technique, Andrews et al. 
have obtained light concentration of an order of aagnitude by uaing 
total Internal reflection from the sides of a tapered PbTe mesa that was 
tensinated by a PbTe/(Pb,Sn)Te heterojunction. 

(7) 

il 

t 
carriara after the photona have been absorbed.  Thta concept givea two 

branchaa, both of which lead to radical departurea fro« conventional 

n 

B 
I 

photodiode geoaetry. 

The first branch laada to a device that we have naaed the pinchad- 

off photodiode.  The idea la shown in Fig. Sa.  A thin-flla photodiode la 

configured to hav« Ita depletion region extend froa an n region right through 

the seaiconductor to an Insulating substrate.  Thus, the boundary between the 

depletion and p regiona ia confined to the periphery of the detector and the 

dynaalc capacitance la reduced to that associated with the peripheral 

Junction area.  Photogeneration occura within Che depletion.region and the 

holes are collected at the periphery of the Junction. 

The second branch laada to another new device that we have naaed the 

lateral-collection photodiode.  Thla ia illuatrated in Fig. 5b.  Here the n 

region of a conventional photodiode ia replaced by a aatrix of aaall n regiona 

that give a smaller total Junction capacitance.  With appropriate choice of 

dlaenaiona, photogenerated minority carriara dlffuae laterally to the aaall 

p-n Junction collectors with only a alnor decreaae in the overall quantua 

efficiency. 

The pinched-uff and lateral-collection photodlodes are aufflclently 

different that they are treated separately in Sections A and 5, respectively, 

of this report.  A coapariaon of the two approaches ia given in Section 6 

together wich some recnmmendatlona for further developaent. 
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Fig. S   Scheaatlc diagram« of low-capacitance photodiodca.  (a) The 
plnchad-off photodlode.  (b) The lateral-collection photodiode. 



THE F1NCHED-0FF PHOTODIODE 

4.1 General ConBlderatlons 

The concept of the plnched-off photodiode la  Illustrated In Fig. 5a, 

which shows a thin-filn n -p photudiode that la configured to have a depiction 

region that extends fron the n region through the thickness of the seai- 

conducting fila to an insulating substrate.  With change of bias the deple- 

tion region is able to change its vohitne only around the periphery. Thus, 

the change in the volume of the depletion region and, hence, in the stored 

charge Is greatly reduced from that for a conventional photodiode.  Sine« 

operationally we are concerned with a dynamic capacitance 

C =® 

it follows that the arrangement shown will yield a reduction of the Junction 

capacitance. 

For further discussion we consider PbTe photodiodes at 80K and 

use the one-tided abrupt Junction approximation, which gives a depletion 

layer width 
m 

2e(V + V. .) 
 feJL 

V depl. 

For pinchoff we require that 

depl. - 

where d is the film thickness.  Under reasonable biases the depletion layer 

width will be comparable to the optical absorption length so that the quantum 

efficiency of the pinched-off photodiode will be modulated by Interference. 
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Selecting the position of the longest-vevelength quantua efficiency aexiaua 

to be 5.0 n«, we require that the layer should be «pproxlaately* an odd 

number of quarter waves thick for 5.0 vm  radiation.  Figure 6 shows the 

I 
I 
I 
I 

calculated reflectlon-loas-llalted (RLL) quantum efficiencies for such 

i ^i 

devices with thicknesses from one quarter to seven quarter waves.   The 

I corresponding voltages for plnrhoff are given In TabU 1.  Here we have 

assumed a typical acceptor concentration of 10 cm .  The calculations have 

been made using both the 300K static dielectric constant with a value of 

<.00 and also a value of 800 to give an idea ot the possible Influence of 

the reported paraelectrlc behavior of PbTe.(8,9^ 

I* For all practical purposes the PbTa/Pb Interface behaves as a perfect 
reflector. However, the phase shift of the reflected wave Is not quit 
and this gives a alight displacement of the quantum efficiency maxi"ui. 

** Details of these calculations are given In Appendix I. 

— 
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TabU |.     PINCHOFF VOLTAGES  FOR PbT* THIN-FILM DIODES 

C«lcuUt«d for llA - 10l7c«"3 and d - £,(m odd)  for  5 urn radiation. 

Poaltlv« voltages correspond  to backblas. 

■ i(\m) 
V plnthuff (V) 

c - 400 c o c ■ 800 c 
o 

I 0.185 -o.u -0.18 

3 0.555 0.48 0.13 

5 0.933 1.75 

• 

0.76 

7 1.33 3.78 1.78 

I 
I 
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Inapectlon of Table 1 shows that the quarter-wave structure 

should be pinched off at zero bias and that thicker devices should require 

backbiaa operation. Generally, zero bias operation is to be preferred 

because other condltlona usually give unacceptable 1/f noise.^3,10)  However, 

the lack of experience with very thin (< 0.2 um)  PbTe devices gave 

uncertainties both about the perfection of quarter-wave layers and about the 

quality of p-n Junctions within the«.  Thia led to two approaches 

(i)  Use of a quarter-wave structure.  Provided that Cha diode 

quality and stability were adequate, this would require 

only about a 25% reduction In the peak RLI. quantua eff Idem lea 

fron those of thicker devices (Fig. 6). 

(ii) Use of a three-quarter wave structure. Previous work*2^ 

had demonstrated the RLL quantum efficiency, stability, and 

zero-bias perforaance of such devices In PbTe and PbSen QTert ,. 
0.8 0.2 

Success in this approach would depend critically upon reduction 

of the usual bias-dependent 1/f noise to avoid a sacrifice in 

detectivity.  Devices that are thicker than three-quartet wave 

were rejected because they would accentuate the 1/f noise 

problem without giving any obvious advantages. 

Having evsluated the RLL quantum efficiency there remains to be 

conaldered the collection efficiency for carriers that are generated within 

the depletion region of the structure in Fig. 5a. Here there is not yet an 

adequate theoretical analysis.  However, early experimental results indicated 

that collection efficienclea near unitv are attainable.  Figure 7a shows the 

C-V characteristic of a typical three-quarter wave PbTe device at 80K.  In 

backbiaa there is a marked decrease of the capacitance as the diode pinches 

off.  Figure 7b shows a pair of 1-V characteristics from the same specimen; 

4 
r 

riati 
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one trace was obtained with the diode cold shielded and the other was taken 

with the diode exposed to the 30« background.  The vertical dlsplaceaent of 

the lower curve gives the background current snd It is evident that 

this does not change significantly an  the diode Is backblased to beyond 

plnchoff.  Thus, the cullecllun efficiency is not decreased by the pinchott. 

4.2 Quart«r-Wave Structura« In PbTe 

Our initial expcrlnents with PbTe at 80K conflrned the predictions 

that quarter-wave photodlodea were already plnched-off at tero bias and that 

RLL quantua efficiencies were attainable.  Some success was also obtained 

with low-capacitance operation of  PbTe at 170K, although with increase of 

the temperature fro» 80K there was a tendency for the conpletely plnched-off 

condition to aove sunewltat into backbias. 

In the course of these studies we found that the quarter-wave 

devices had poor thermal stability, with loss of current response after 

moderate baking at 130 C. This effect wan troublesome experimentally be- 

12  3) 
cauae, as in our previous workv * ', the PbTe devices required some baking 

before they would exhibit RLL photocurrents and normal I-V characteristics. 

The degradation also appears to be practically significant, because stability 

at temperatures in the range 100-150OC is desirable for reduction of the 

outgassing in vacuum-packaged devices. 

The remainder of this section is devoted to the experimental re- 

sults with quarter-wave structures.  In some cases the conclusions drawn 

are tentative because the thermal instability of these devices prompted us 

to move on to the three-quarter-wave structures (described in Section 4.3) 

rather than attempt a more detailed study of the quarter-wave structures. 

• 
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4.2.1 Fabrication 

Generally, five element arrays of 9 all-square photodiodes 

(Fig. 8) were made with techniques that followed those described in previous 

reports 
(1-4) 

(1) 

The process steps were: 

Growth of PbTe on EaP- In vacuus. 

(11)  Photoresist delineation and etching of the PbTe using 5X 

by volume of Br  in HBr. 

(ill)  Photoresist delineation and deposition of Pt ohaic 

contacts by rf sputtering followed by acetone stripping 

of the resist to delineate the Pt. 

(iv)  Vacuun deposition of an insulating layer of BaF- with 

delineation as in Step (111). 

(v)   Deposition of Pb through a close-spaced metal mask. 

The resist used was Shipley AZ-i350J and Steps (ill) and (Iv) were baalcally 

those developed by Aeronutronlc-Ford for Pb(Se,Te) arrays.    One significant 

difference was that extra precautions were taken in washing the spcclDens 

after photoresist development.  This modification is particularly relevant 

to the three-quarter-wave structures and its description and discussion are 

deferred to Section 4.3. 

The deposition of the Pb barrier layer was made using a dose- 

spaced metal mask, rather than with photolithographic delineation. In order 

to reduce the number of process steps during which the PbTe surface might 

become contaminated.  For the present devices the large diode to diode 

spacing (30 mil) permits such a simple approach.  However, this technique 

-3 2 
did lead to a relatively large pad area (2-4 x 10 cm ), which with 
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typlcal B«F, thlcknesnes (0.3 - O.f» gn) gave pad capacltancea of 20-80 pP. 

rhtfsi' pad c.ipacitanceH are »all bv coaparison with the 500-1000 pF Junction 

capacitance uf i conventional 9-mll square photodiode, but they become 

dominant in the plnched-off mode. 

As will be «een, full exploitation of the plnched-off photodiode 

lequlrea reduction of the pad capacitance and this Implies the use of 

rhotolltlHJHraphlc technlquee for Pb delineation.  This extension was not 

undertaken In the "reaent study.  However, for studies of the Junction 

capacitance som«- Improvement In the ratio of pad to Junction capacitance 

MM obtained by using large diodes.  This approach Is described In Section 

4.3. 

4.2.2 guaHtuiB Efficiencies and Thermal Degradation 

Our inltfal experiments were with PbTe layers whose thlcknessea 

(0.2S i  0.03 pm) were somewhat larger than the opt lawn. Consequently, the 

quantum efficiency near X - 5 um was about half of the optimum that waa 

calculated for a  quarter-wave structure.  However, the spectral quantum 

etflclency was In fair agreement with the calculated RLL (Fig. 14) Implying 

near unity collection efficiency for the 9 mil plnched-off photodlodea. 

Reduction oi the Pl.Te layer thickness to about 0.15 um  gave the anticipated 

inprovement in the quantum efficiency near X - 5 urn, again In agreement with 

the calculnted RL1 (Pig, 16). 

'«r thla stage we observed that the quarter-wave structures were 

thertnall) unstable.  As In our previous studies, the diodes as-made had 

small photocurrentH and tunnel-like I-V characteristics. The cause of 

these anomalies has nut been established, but we suspect that they arise 

from contamination of the PbTe surface, possibly by a thin layer of oxide. 
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W« had previously found that Moderate baking (typically 150 C for 10-20 «In) 

led to normal l-V characteristlca and RLL photocurrents. Thla revival of 

the anoaalies could arise froa guttering of a surface oxide by the Pb 

barrier metal.  In the case of the quarter-wave photodiodea the increase 

of photocurrent with baking was followed by a rapid decrease of photocurrcnt 

that made difficult the establishment of an optiaun heat treatment.  Some 

typical examples of the changes in the response to the 100K background with 

baking are shown in Fig. 9. 

The observed thermal degradation of the photocurrent led to the 

suspicion that wa might ba diffusing tha n-ragion of the diode through to 

the BaF. substrate.  This appears to be confirmed by spot scanning of an 

array of quarter-wave devices which showed that after degradation tha 

response was confined to tha peripheries of the 9-Bil square diodes 

(Tig,   11).  It is worth noting that the interface regions of epitaxial 

structures are frequently less perfect than most of the epitaxial layer 

thickness.  Thus, the very thin PbTe Isyers might give abnormally rapid 

diffusion of Pb.  The variability in the rate of degradation that is shuwn 

In Fig. 9 could then be a consequence of variable perfection at the PbTa/BaF. 

interface. 

4.2.3 Noise 

Many of the quarter-wave devices showed significant 1/f noise at 

zero bias and frequencies up to 3kHz.  Such excess noise is occasionally 

found in conventional IV-VI thin-film ?b barrier devices and there it appears 

to be associsted with the quality of tha Pt ohmic contact. The relatively 

ill number of quarter-wave devices that were studied does not permit us to 

* Tha peak values of the background current vary widely from specimen to 
specimen.  However, this vsriation mostly srises from the very rspid 
variation of RLL background current with specimen thickness.  For the 
quarter-wave devices, even the uncertainty of ±0.03 um  in the measured 
thickness corresponds to a large change in the background current.  The 
calculated dependence of the 300K background current upon layer thickness 
is given in Fig. 10. 
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Tig. 9   Degradation of the background rcapona« at 6JK of A/4 PbTa davlcaa 
with baking at 150°^ 
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d«cid« whtthtr or not l/f nois« Is aor« of a problca with th« quarter-wave 

structures than with thicker devices. 

*.2.4 Capacitance 

A typical C-V charactarlatlc for a quarter-wave PbTe device at 

80K Is shown in Fig.   12. Plnchoff occurs, aa expected. In forward bias and 

the capacitance through tero bias Into backblas Is small and dominated by 

the Pb pad.  Thus 9 all-square plnched-off photodlodes typically exhibited 

pad capacitances of 20-80 pF, rather than the 500-1000 pF expected for 

conventional devices. At higher temperature» plnchoff occurs over a 

wider temperature range, with the result that at 200IC backblas Is needed 

for reduction of the capacitance to the pad value. This behavior la shown 

In Fig. 13. However, at 17« the tero blaa capacitances were still signifi- 

cantly less than those of conventional devices, with typical values In the 

range 100-200 pF. 

4.2.5 Detectivity 

The detectlvltlea of the quarter-wave structures were generally 

smaller than had been achieved with conventional devlcea, partly because 

of l/f noise (for f < 5kJU) and partly becauae of the thermal degredatlon 

that la discussed In Section 4.2.2. The lergeet detectivities thsr were 

obtained were 8 x 1010 cmHsV1 at S.O um and 80K and 1.2 x 1010 crnRz** 

at 4.1 ua end 170K.  Thia should be compared with values of 1.5 x 1011 and 

6 x 10 caHt\    , respectively, for good conventional thin-fila PbTe 

devlcea.(2) 

From the observation of aoae epeciaena with RLI. quantum efficiencies 

and others with little l/f noise at sero blaa, it eeeaa likely that further 

work would yield quartar-weve devlcea with detectlvltlea that are cloaer to 

thuee of good conventional devices. This approach was not pursued becauae 

of the thermal instability that Is discussed in Section A.2.2. 
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*• 2. 6 M«Mure»»nf of Q'j^rtjir-Wavf Dgvlc«> 

The ■peclaenfi  that arc d«*crib«d hare  Uluatrata the  features that 

have bean dlacuaaad  in the preceding Sactlona. 

I 

I 
I 
I 
I 



•18- 

T«ble 2 - EW485-3 

This array was made from PbT« with thickness 0.25 ±  0.03 \m.    This 

gave a spectral response with nonoptlmum shape, but, as shown In Flg. U, the 

quantua efficiency wan close to the RLL.  Two out of the five diodes gave 

noise that agreed well with that calculated fro« the background current. 

Measurements were made at 80K and 990 Hz with 10 Hz bandwidth at zero bias. 

The diode areas were 5.24 x 10' cm .  Figure 15 shows the spectral detectivity. 

Diode 

Zero-bias Capacitance (pF) 

300K Background Current [yA] 

Calc. Background Noise  [pA] 

Ä(500K) lAW'1) 

n(4.7 u>) 

Noise   (pA] 

D*(500K)   ICBHZV1] 

D*(5.0 iiia)   ICBHZST
1
) 

37 

0.51 

1.3 

0.25 

0.35 

37 

0.54 

1.3 

0.275 

0.38 

35 32 24 

0.54 0.53 0.54 

1.3 1.3 1.3 

0.25 0.25 0.24 

0.35 0.35 0.33 

1.2       1.25      6.2      1.7       14* 

1.5JC10
10
 1.5 xlO10 2.9 x 109 l.l x 1010 1.2 x 109 

8.2 x 1010 8.2 x 1010 1.6 x 1010 5.8 x 1010 6.3 x 109 

* This specinen initially showed a much smaller noise of 1.8 pA. 



Flg. 14   EW485-3«.  Spectral quantum efficiency at 80K. The curve Is the 
calculated RLL. 
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T«bl* 3 - KW4.94B-7 
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Thla array wag aade fro« PbTe wltli thlckneas 0.16 t  0.03 \m  to 

give a More usefully shaped apectral tesponae than the preceding exanple. 

The apectral quantum efficleocy Is near the RLL and Is shewn In Fig. 16. 

The diode areas were 6.00 x 10" en and meamireoents were aade at 80K 

with 10 Ha bandwidth.  Detailed meaaureaents were aade with four dloden, 

the fiith exhibiltfd a saaller current reepunBe.  Thle speciaen showed sig- 

ni«leant 1/1 noise for f < 5 kHz.  At 170K the plnchoff moved into backbias 

with consequent Increase of the zero bias cspscltance fro» 37 pF and 24 pF 

to 620 pF and 660 pF for diodes a and c. respectively. The frequency 

dependences of the current noise and the detectivity are shown in Fig«. 17,18. 

Diode 

Zero bias Capacitance |pF] 

Background Current (pAj 

Cslr. Background Noise li'A I 

ÄjCSOOK) (AW-1] 

at 90 Hz 

330 Hz 

990 Hz 

D*{4.6 u») IcmHz^w"1! 

•t 90 Hz 

330 Hz 

990 Hz 

3000 Hz 

37 

1.03 

1.82 

0.4A 

0.45 

0.45 

1.6 x 10 

3.5 x 10 

6.3 x 10 

1.1 x 10 

10 

10 

10 

11 

42 

1.01 

1.80 

0.44 

0.45 

0.46 

1.9 x 10 

3.5 x 10 

6.5 x 10 

1.0 x 10 

10 

10 

10 

11 

c 

24 

1.01 

1.80 

0.46 

0.44 

0.47 

1.6 x 10 

3.0 x 10 

4.7 x 10 

8.6 x 10 

10 

10 

10 

10 

29 

0.76 

1.56 

0.35 
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T«bl« 4 - EW4931-9 

liU ■pcclacn exhibited  the  thermal  degradation of  curreut  reapot M 
U itrussed   In Section 4.2.2.     There was also algnifleant   1/f  nolae at 

ihe  laver  thlcknaaa WAM 0.1b i  0.05 ua giving a spectral   responup  like 
;  "f   the prcieding exaapU-.     However,  the co^ination of  l/f nolae with ««all 

■(UJiitif   .tfi. iency gave small detp« t Ivlt let.     The diode areas were 4.19 x  lO^c»2 

(»Hi ym x     «^  un)  and  the meaaureaents were made at  itero bias with  10 Ht band- 
width.     The spectral  Jeteitlvlty  Is shown  In  Fig.  19. 

Dlude 

T - 80K.   f ■  5 kHz 

Zero bias Realstame   (ohn) 

RoA   (oha c«2] 

Zero bias Capacitance [pF) 

Background Current IwA) 

(air. Background Noise |pA| 

3t(S00K) lAW"1! 

n{4.1 pm) 

Noise (pA) 

D*(4.1 ua) | imMzV 

L^L WOK, f - ^90 Hz 

Zero bias Resistance (olim] 

R A ioha ca2] 
o 

Zero bias Capscitance   IpF) 

Background Current   (uA) 

Calc.  Total Noise     [pA] 

B'jOOOK)   lAW'1] 

n(3.9 um) 

Noise     |pA] 

D*(4.1   M») IcnHrV1] 

3.0 x 10 

1.3 x  10* 

35 

0.083 

' 0.53 

0.070 

0.140 

7.7 x 10 

3.4 x 103 

44 

0.092 

0.54 

0.083 

0.166 

1.1 x   in 

4.8 x 10] 

46 

0.087 

0.53 

0.076 

0.152 

0.85 

3.6 x  10 10 
0.82 

4.4 x 10 10 
0.76 

4.4 x 1 10 

2.3 x 10 

1.0 x 104 

46 

0.116 

0.61 

0.114 

0.227 

0.81 

6.2 x 10 

2.0 x 10' 

8.8 x 103 

43 

0.157 

0.71 

0.150 

0.299 

10 

5.9 

7.5 x  10S 

5.8 

7.6 x  10S 

6.2 

7.6 x 10S 

6.5 

1.2 x 10 10 

0.87 

7.5 x  10 
10 

6100 6060 6060 4880 5260 

2.7 2.7 2.7 2.1 2.3 
67 91 91 73 86 
0.035 0.038 0.041 0.068 0.079 

3.9 4.0 4.0 4.4 4.3 

0.060 0.060 0.064 0.105 0.112 

0.208 0.209 0.223 0.363 0.388 

6.7 

1.2 x 10 10 
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TabU S - EW50a-2 

.111* »p^fip.     had close co RLL qusntua «fficiency.    There was seme 1/f noise 
''r'!    '     "r ' H«.     Tlw diode sress were 5.90 i  10-Ac«2 and  the bandwidth ws» 

Me^urc-ent     m   i Md«. at  80IC.     Pig.   20 sh^s  the spectral detectivity.   Klga.   21.22 
m4   u,    mm   dependsnee  of  the  noise,  and  Fig.   23 shows  the biss dependence 

Diu.le 

Zero bias Resistance     |< Ni| 

RoA   [ohm cm2] 

Zero bias Opacitan. «•     l4iF) 

Background  Curt cut |uA] 

Calc.   Batkgrouml No ine   (j.A) 

* 
XjOOOK)   lAW"1) 

1(4.8 UM) 

D*(4.9 Mil  at Z.!.' bias     kaHaV1 x 1010] 

7.46 x 10' 

4.4 x 103 

96 

0.357 

1.07 

0.29J 

0.48 

f • Hx 

<    Hs 

4 .   .., 

9    Hs 

IM Hx 
99i' H^ 

2000 Hx 

SOOl   Hx 

2.6 

2.9 

3.5 

4.5 

7.7 

10 

11 

13 

I>*(A.9 im) at  990 H/   [oHgV1 K 10101 

backblaa -      0 V io.o 

o.l V 

0.2 V 

0.3 V 

0.4   . 

9.4 

9.1 

8.6 

7.3 

7.52 x 10 

4.4 x 103 

96 

0.357 

1.07 

0.290 

0.48 

2.7 

3.1 

3.4 

5.0 

7.0 

10 

11 

13 

9.4 

9.4 

9.7 

9.1 

ü.9 

7.04 x 10 

4.2 x. 106 

96 

0.393 

1.12 

0.316 

0.52 

2.3 

J.O 

3.5 

4.4 

7.7 

10 

11 

14 

f.7 

9.1 

4.5 

6.90 x 10 

4.1 x 106 

96 

0.393 

1.12 

0.312 

0.51 

2.5 

2.8 

3.3 

4.2 

7.7 

10 

11 

u 

9.1 

9.4 

4.9 

0.200 

0.80 

•This wss  independent  of  backblas   In  the range 0-300   iV. 
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Fit.   20        EW500-2c.     Spectral  D* «c  80IC and 5 kHz. 
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Fig. 21   EW50O-2.  Bias dep«nd«nc« of the nois« at 80K (Af - 10 Hz) 
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•*. » ihn- -o i.irter-Wavg StnictureB In PbT« 

A. 3. I Fabrication 

In general, fabrication methods followed thoae previously 

(2-4) 
report.d     and outlined In Section 4.2.1.  However, significant nodlflca- 

tlona wire made to the techniques for cleaning the semiconductor surface 

after photolithographic delineation.  These changes were made In response to 

the thought that the surfaces might be contaminated by alkali Ions from the 

developer used for the Shipley AZ-1350J resist. Consequently, we undertook 

thorough washing of the specimens after each resist development.  The wash- 

ing consisted of a 5-10 second rinse with running deionized water followed 

by about five minutea of washing under the condensate from a double still made 

fro« vitreous silica. The input to the double «till was water that had 

previously been deionized and Chen distilled in a tin-lined atlll. 

While the result« of the modified process do not provide confirmation 

of the guess that led to the washing procedure, they did lead to striking 

improvements in the thermal stability of the diodes and in thair noise 

characurlHtica under reverse bias.  These results are discussed In Sections 

4.3.2, 4.3.i, and 4.4. 

4.3.2 Ihermal Stability 

Pr-vlously. attempts to outgas vacuum-bottled thln-fllm PbSe  Te 
0.8    0.2 

phot..   io.le arrays have  led  to thermal degradation of  the zero bias  resistances, 

with eoMM^MM  loss of detectivity.(4)    In contrast. PbTe diodes that were 

made using the improved washing  technique showed excellent stability at 

temperatures ..p to 150OC.     Figure  24 shows the R-V characteristic of a 9 mil 

PbTe photodlüde at different  stages of baking up to eight hours at XOoV 



I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

-0.4 -0 2 0      02      0.4     0.6 
BACKBIAS (V) 

08      1.0 

Fig.   24       R-V characteristic of  « 9 mil PbTe device  (EW473-5e) at  80K after 
successive heat  treatments at  IS^C. 
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It will be noted thee Che forward characteristic raaalns constant within our 

experi-ental uncertainty.  Wich baking the resistance In backblaa tends to 

increase, suggesting that surface leakage is being reduced.  The deaonstratsd 

thermal stability of these devices appears to be adequate for hard vacuum 

packaging without loss of perforaance.  Subsequent aeasureswnts showed 

stdbility of the three-quarter-wave structures with baking up to five hour» 

at 150OC. 

4.3. J. ReyerBed-Bias Noise 

Most 1V-VI photodlodes seen to exhibit 1/f noise when they are 

operated at nonatero biases. This effect has been observed with both bulk- 

crystal        and thln-fil« devices.  Extensive neasurenents of thln-fll« 

lPbSn>Se photodlodes   showed that the excess noise was proportional 

to the bias and independent of its sign.  For thln-fll« 8-12 un devices there 

1» a significant IR drop from the 300K background current flowing through the 

aeries resistance,  in such cases It was observed that the optimum bias was 

shifted imck from zero by an amount that approximated the IR drop.  Thus, 

tnlnimurr ,u>lse was obtained when there was zero blss across the depletion 

regMn rather than across the external connections.  This strongly suggests 

that the excess noise arises from surface leakage across the depletion region. 

The aero-bias resistance of IV-V1 photodlodes Is frequently dominated by a 

temperature-Independent leakage at low enough temperatures and the connection 

betw-.n tl. .e phenomena appears to be confirmed by the reported(11) fabrication 

of (Pb,Sr.)Te/PbTe heterojunctlons that exhibit marked reduction of both the 

leakage and the backblas nuiae.* 

' 

* The process used to effect   this  Improvement was not disdesed. 
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PbTe photodlodes that wer« cleaned after photoreeiBt devclopaient 

•howed narked reduction« In the 1/f noise that «ccoapani«« backbia« operation. 

At «OK, the raduction wa« usually «ufflciant to p«rBlt plnched-off operation 

of three-quarter-wave photodiodes without loss of detectivity at frequencies 

as low as 1 kHz. The asount of 1/f noise remained soaewhat variable, even 

with diode« within a «ingle array and an exaaple of this variability 1« «hown 

In Fig. 25.  Figure 26 shows the extreme case of a PbTe device whose 1/f noise 

at 80K and 990 Hz remained smaller than th« 3Ü0K background noise at backbias 

up to 0.5V. 

With increase of the operating temperature, the range of usable 

backblas decreased and «t 170K «nd 1 kHz the cxc««s noise becsme slgniflcant 

at b«ckbl««e« of 50 «V or l««e.  Figure 27 «hows an example of this behavior. 

4.3.4 Capacitance 

A« predicted the three-quarter-wave PbTe photodiode« gave pinchoff 

in backbia« at 80IC. A typical C-V charactcrlatlc of such a device 1« «hown in 

Fig. 28.  Pinchoff wa« asaoclated with a raplc decrease of capacitance with 

Increased backblas and the transition to the low-cap«cltanc« regime occurred 

over a bias range of about 0.1 V.  The transition region may arise from the IR 

drop associated with the 300K background current that flows through the thin 

p-laycr under the depletion region at backblase« «lightly le«« thai, that 

required for pinchoff.  Under the«« conditions the periphery of the diode will 

h«v« a larger backblas than the center and pinchoff will occur first around 

the edges of the diode.  Further backblas would then Increaae the fraction 

of the diode that I« pinched off. Qualitatively, thl« resembles the behavior 

of a JFET, but we do not have a quantitative model for this transitional 

I 
m* 
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h.havlor in the pltich«d-off photodlode,  Horeover. detailed «o«parl.on 

with Che predicted pinchoff voltaRe U not yet possible because of the 

uncertainties In the Influence of ataospherlc oxygen upon the aessured 

acceptor concentration and In the statlt dielectric constant of PbTe at low 

teaperatures. 

With baking at 150OC tho C-V characteristics of the three-quarter- 

wave devi.es did change soaewhat. with the plnched-off condition aovlng to 

saallt-r hackblases. The phenoaenon does not appear to be due to the Junction 

diffusion that was postulated for the quarter-wave diodes, because we have 

observed sn cvantual stabil 1/.ation •! the C-V characteristic. An example of 

theai. effects is shown In Pig. 29. A possible explanation Is that the Pb 

bsrrler getti-rs out ataospherir oxygen that has dissolved in the PbTe after 
* 

gr.^wth.  The observed shifts In the pinchoff would laply a reduction in cha 

acceptor concentration by about a factor of four. Changesof this magnitude 

are consistent with our observation that growth of 1 ua-thick p-type PbTe 

layars gives about a factor of three decreaae in the Hall coefficient over 

that obtained for 3-4 ua-thlck layers that are grown under the saae conditions. 

PlKure 28 also shows a MMM feature that Is not yet understood. As 

the blss Is aade positive the capacitance exhibits a decrease that Is not 

predicted by our slaple aodels. This "forward-bias anoaaly" was also observed 

(12) 
by NU1 at »I In their work on bulk-crystal Pb barrier IV-Vl lasers. With 

Increase of the teaperature to 17« we have frequently observed that the anoaaly 

shifts Into forward bias. An example of this effect Is also shown In Fig. 30. 

* Ox>gen-Induced changes In the carrier concent rat lone of IV-VI thin fllas 
been widely observed*13). The changes are consistent with an Increase In the 
acceptor concentration. 
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A« dlarussed In Section 4.2.*, th« capacitance of the plnched-off 

9 ■ll-i*quar« PbTe devices was dominated by the pad capacitance of 20-80 pF. 

, Further reduction of the capacitance i#ould require devclopaent of etructurea 

with smaller pad areas.  Such a development would appear to be essential for 

exploitation of plnchoff with PbTe devices with smaller dimensions that arc 

■ more suited to modern systems applications.  Such a development waa not made 

In the present study.  However, In order to reduce the Influence of the pad 

capacitance, diodes were made with the dimensions shown In Flg.. 31. Th« 

bias-dependent capacitance of auch a 28 mil-square three-quarter-wave diode 

is shown In Fig. 32.  in backblas the capacitance was reduced by approximately 

two orders of magnitude to 35 pF, of which 19 pF was estimated to be contributed 

by the pad. 

*.3.5 Quantum Efficiancy 

The quantum efficiencies of the three-quarter-wave PbTe devices 

were close to the RLL at all biaaea and no decrease of the 500K current 

responslvlty was observed when the devices were backblased oast plnchoff. 

These RLL quantum efficiencies were observed with photodlodes as large aa 

28 mil-square.  Examples of this behavior are given in Section 4.3.8. 

4.3.6 Detectivity 

Tne detectivities of three-quarter-wave PbTe devices at 80K were 

(2) 
typical of those obtained previouslyv  with conventional thin-film devices 

At 180° field of view we obtained D* (t 5 w«) % 1.5 x 1011 cmHzHT1 ove • the 

range of biaaea for which the 1/f noise waa negligible.  For most such 

devices the backblas limit for I kHz operation was at least 0.1 V and sometimes 

aa large as 0.5 V so that the xero-blas detectivity was maintained into the 

plnched-off region.  Examples of this behavior are given in Section 4.3.8. 
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4.3. ; M.aHurtaenf of Thre«-(ju«rter-W«ve PbT« Photodlod— 

The results that are described here  Illustrate the points that 

are made  In Sections  4.3.3 -   6. 
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TabU 6 - EW473-5« 

This ipeclDKMi was measured at 80K after baking at 1000C for eight 
hours.  The chip had three diodes with area - 6.00 x i0-4c«2 and similar 
plnchofl behavior (Fig. 33).  Only one of the devices had low noise In back- 
bias (Fig. 34) and for this detailed measurements were made (Figs. 35,36). 
At 170fc all three diodes gave excess noise In backblas (Flg. 37). 

layer thickness     • ■   0.62 t 0. 03 um 
frequency 
bandwidth 

990 Hz 
•   10 Hz 

zero bias 
backgrounc 

resistance « 
1 current  ■ 

2.8 x 106 

•   1.06 uA 
ohm 

calculatec 1 noise    • 1.8 pA 

Backblas 
NV) 

Noise 

(PAJ 

1.75 

D*(5.4 um, 
(rmHzV-l x 

1.7 

^lO11) 
Capacitance 

IPFI 

0 692 
25 1.75 1.7 
50 1.75 1.7 321 
75 1.7 1.7 

100 1.7 1.7 83 
125 1.65 1.8 
150 1.75 1.7 73 
175 1.7 1.7 
200 1.8 1.6 73 
225 1.75 1.7 
250 1.7 1.7 72 
275 1.8 1.6 
300 2.5 1.2 72 
325 3.9 0.74 

350 7.5 0.39 72 
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Fig.   35        EW473-5.     Spectral  ü* at 80K and  990 Hz. 
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Tafelt 7 - EW496B-7 

l50OC. This spccLMn waa acaaurad after baking for 4 hr. 50 «In. at ISO'C.  Tha changaa In the 
C-V charartarlatlc with baking are discuaaad In Section 4.3.4.  Tha chip had four diodaa 
with A • 5.37 x lO-^vm-  and d • 0.56 t 0.03 \m.    At 80IC. capacltancaa of approxlaataly 
80 pF ware achieved with backbiasaa ! 150 aV (Pig. 38).  Two of tha four diodaa attained 
the low capacitance condition without algnlfleant axceaa nolaa (Fig. 39). With Increaac 
of the temperaturf tha backblaa required for plnchoff Increaacd (Fig. 40;. At 160IC there 
waa considerable 1/f noUe when the diodes were barkblaaed (Fig. 41).  Th, spectral D* 
and the blaa-dependent properties at 80K arc ahown In Flga. 42,43. 

Heasureaanta at 80K. f - 990 Hi, Äf - 10 H«. 

Diode b c d • 

Zero-blaa realatance   (oha) 5.5 x 106 1.1 s 107 

Background current      |uA) I .054 1.022 0.991 0.971 
Calc. background nolae   [pA] 1 .84 1.81 1.78 1.76 
Current responalvlty   (AW-1) 

backblaa -  0 «V 0 .62 0.62 0.60 0.62 
100 aV 0.62 0.58 
200 aV 0.62 0.60 
300 aV 0.61 0.58 
400 mV 0.61 0.59 

D*(5.0 »«)lcaluV1 x lüU) 
backblaa •  0 aV .8 1.8 1.7 1.3 

25 aV 8 1.7 1.8 0.61 
50 aV 8 1.8 1.8 0.37 
75 aV 4 1.8 1.7 

100 aV 1 1.7 1.9 
125 aV 0, 63 1.8 1.9 
150 aV 1.6 1.9 
175 aV 1.7 1.1 
200 aV l.S 1.8 
225 aV 1.2 1.9 
250 aV 1.1 1.7 
275 aV 0.62 1.6 
300 aV 0.41 1.1 
325 aV 0.24 0.67 
350 aV 0.38 

Capacitance (pF) 
backblaa -  0 aV 595 397 

50 aV 302 151 
100 aV 119 90 
150 nV 90 83 
200 mV 86 80 
250 aV 84 79 
300 aV 84 79 
350 aV 83 79 
400 aV 83 79 

mk 



- 

C       8 

I 

s 

(dd)   3DNVllDVdV3 



I 
I 

I 
I 
I 
I 
! 

I 
I 
I 
f 

1   '   '   i—r r7- 
i   I   1—r 

UJ   Ui UJ UJ 
O  Q O Q 
o o O p 
Q   Q Q Q 

< O x 0 

x 

O 

II I I '   I    i I [huM   I 
I     2 

I 
(Vd)  INBddnD 3SI0N 

TT 
I 

UJ I 
Si 

I 

|X 
O |X 

9* 
0| x 

X 

8 

m 

iJ 

o 
> 

< 

OD 
fO  it 

o 
< 

(Ni 

ä 
2  *- 

I I 
II 
M| 
m u 

I 
«   X! ■ 
2 * C   w 

4 
e a 
■- t^ i| I  u a 
« ti 

•o £ 
w 

« 
«  n 

« 

11 

I 



r 

> • 

fl 

I 
a « 

£ 
3 

I 

2 

(d«) o 



•'• 

i 
% 

2 
■ 

s 

I 

I 
1« 
9* 

II 
3 



10" h 

^ 

E 
u 

1                 T™ 

cPc 

* 

o 
CD 

- cP 

o 
)0 

o      © 

o 

% 

o 

10 10 

o o 

X(am) 

O 

o 

Fig.   42        EW49bB-7d.     Spttcti«! D* at  80K and  990 H- 

\ 

I 
1 
? 

I 

I 
1 
I I 
I 
I 
8 

\ 

mm** 



10 12 

7 

E 
u 

i 
O 

10' 0I0DE d 

10» 

DETECTIVITY 

DIODE d 

CAPACITANCE 

-L 
0.1 02 

BACKBIAS (V) 

03 

I04 

10 

Fig.  43        EW496B-7c.     Bias dependent propertlea et  80K and 990 Hi. 

m 



-)0- 

TabU 8 - EWA96A-3 

ThU «peclmen had   flv«. diodes with A -  5.95 x  ICfV«2  and  d  - 0.5A  ♦ 0 03  i« 
At  80K and  zero blai.  «11  the diodes had  similar  parameters.     In backblas 
the (-V characteristics differed slightly  (Klg.   44)  as did  the excess noise 
(Fig.   45).    Only one of  the diodes  (e)  pinched off wlchout  degradation of  the 
D«.    The properties of  this diode are given  In Table  9 and  Pigs.  46 47 

f ■ 990 Hz,  Af  -  10 Hz,   zero bias 

Zero bias resistance     |oh«] 

Background current   (uA] 

Calc.   Background noise   (pA) 

Noise    [pA) 

-1 Ä(500K)    lAW'1) 

I>*(4.8   Mm) IcmHzV1   x  1011) 

5.26 x 107    5.56 |  I07    5.88 |  107    4.35 | 107    4.17 x 107 

1.083 1.098 1.117 1.063 1.059 

1-86 1.87 1.89 1.84 1.84 

1.7 1.7 1.8 1.8 1.8 

0.57 0.57 0.58 0.56 0.56 

1.8 1.8 1.7 1.6 1.6 
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Table 9 - EW496A-3e 

Thla •peclaen was one diode froa the «rray described In Table 8.  Figures 46,47 
show the bias-dependent properties and the spectral D*. 

T - 8(», f - 990 Hi, Af - 10 Hz 

Background current - 1.059 uA. celc. background noise ■ 1.84 pA 

Backblas Noise 
IpA) 

0 

50 1.75 

100 1.75 

150 

200 

250 1.75 

275 2.45 

300 

^'l(500K)       D*(4.8 im) Capacitance 

Mil 
0.54 

0.55 

0.58 

0.56 

1.6 

1.7 

1.7 

1.7 

1.9 

1.7 

1.2 

0.66 

1220 

1110 

859 

461 

134 

64 
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T4ble 10 - EW50a-»c 

4.97 x I0"3c«2) Mdc fro« This was on approxlaately 28 all-square device (A 

PMt with d - 0.47 t 0.03 vm.    The pad capacitance »a. estimated to be'l9PF' 
M«.ure«entB were «d« at 80K with 10 Hz bandwidth. The bla.-dependent properties 
and thf spectral D* arc shown In Figs. 48,49. 

zero bias resistance  - 6.5 x 10" 
background current    • 9.S2 uA 
calc. background noise -  5.52 pA 

ühB 

Hackblas 
InVl 

Noise IPA] 31,(50010 D*(4.9 urn) Capacitance 
i"» j ai 

IAH"1] 

0.60 

at 990 Hz 
ICMHZVI x lO*1] 

1.9 

\pf] 990 Hz 5 kHz 

0 ..Ü 6.1 
2810 

» 
5.0 6.1 1.9 2790 

50 4.7 5.5 2.1 2500 
75 5.0 5.0 1.9 2110 

100 4.9 5.4 0.60 2.0 1720 
125 5.4 4.8 1.8 1260 
150 4.6 5.1 2.1 864 
175 5.0 5.0 1.9 554 
200 4.8 5.7 0.60 2.0 345 
225 5.0 5.1 1.9 211 
250 4.9 5.1 2.0 139 
275 5.0 5.2 1.9 92 
100 s.o 5.3 0.60 1.9 69 
325 5.0 5.1 1.9 57 
350 5.0 5.1 1.9 54 
375 5.1 5.2 1.9 44 
400 5.1 5.1 0.60 1.9 41 
425 5.1 5.0 1.9 39 
450 5.0 5.0 1.9 37 
475 5.6 5.4 1.7 36 
500 5.5 5.5 0.60 1.8 33 
525 5.9 5.1 1.6 35 
550 6.6 5.0 1.5 34 
575 7.7 6.0 0.60 1.3 34 
600 *M 

-Li 
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4.. Pinrheu-off PbSc  T«, . Devi««« 
____ .___«__  •« '.z 

' An atCenDt wae naJ« to ■ xtend th« plnched-uff aode fro« PbT« to 

I PbSeO.ST,0.2 t0 P*™11 ful1 UM of the M PI at»oaph«rlc window with photo- 

diode« that operate at I7üK.  Such band-tailoring has previously been shown 

to be effective with conventional tt.m-filn device«.^ 

Pinchoff was observed with PbSen flTeA . devices at 80K. but the 

cap icltaur«- decreai- occurred at backblaaes that were large enough to give 

significant 1/f noise. This difference fro» the behavior of PbTe device« 

appear« to aria« fro« a coabinatlun of an increase In the acceptor concen- 

tration and a decnwue In the dielectric constant when PbSe. QTen , la 

•ubstituted for PbTe. The PbSe0 g Te0 . that was usc-d had acceptor con- 

centration« of about 2 x lO17«»"1. which wo« u  «actor of 2-3 larger than ihat 
* 

of the PbTe layers.  The 300K values of the static dielectric constants of 

PbTe and PbSe are A30 and 230. respectively.(l4) The «tatic dielectric 

constant of pbs«0#8
T«0#2 ^ ""knowi. but a linear Interpolation between the 

30« valuea of PbTe and PbSe suggests a value of «round 270.  There 1« the 

further coaplication that PbTe appear« to be paraelectrlc<8,9) and it« 

low-field static dielectric conatant may be as large as 800 at «OK.* Applying 

the one-sided abrupt Junction aodel to the Just pinched-off diode, with thick- 

ness d and pinchoff voltage V . we obtain 

* Heie we coapare the resulta of Hall aeaaureaenta an layers that were 
3-4 \m  thick. F.xposure to oxygen appear« to give extra acceptors that 
cauae about a factor of two decreaae in the Hall coefficient of layera 
with thicknesses around 1 uu. 

I 
I 
i ** Ualng the one-sided abrupt junction approximation, w« estlaate that »oat 

of the depletion region In our junctions has a field lesa than lO^V«"1. 
I Fro« the observations of Bate et^ al/ 8' this suggests that the critical 

polarization is only exceeded near the n-region ao that the depletion- 
layer width is dominated by the low-field (temperature-dependent) static 
dielectric conatant. 

I 
 , 
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* V    > TL. 
p        bl 

Vd 

irtier« Vbl   is approximately  0.^^^ and  0.25V for r-bTe and PbSe      Te       , 
0.8  0.2 

rMpectiv.iy.  We find that the changes in NA and e on going fro« PbT« 

t0 PbS*0.8T,0.2 ** ^re«.. (Vp « Vbl) for a given d by a factor betiMM 

three and nine.  Figure 50 shows the corresponding changes in V that could 
P 

ariae on going from PbTe to ^Se0 8Te0 2 «• a result of auch changes in M. 

and c. 

An example of  the plnchoff  in a 9 rail-square PbSen    Te        diode 
0.0 0.2 

Is shown In Fig. 51. Hers the devices with thickness 0.18 t  0.03 um ars 

pinched off at 80K with backblases greater than about 0.6V.  The required 

backblas Is striking when compared with the forward bias plnchoff of similar 

quarter-wave PbTe diodes. With increase In the temperature, plnchoff moves 

turther into backblas (Fig. 52) as with Pble devices. 

The Improved processing that was described In Section 4.3.1 gave 

significant improvements in both the thermal stability and the backblas 

.ioise of pbSe0 8Te0 2 devices.  Thus, the RoA product at 80K was malntsincd 

after baking at 150 C for periods of up to four hours (Fig. 53). Also st 80K, 

low-noise operation has been demonstrated with backblases of up to 0.4 V 

(Fig, 54).  However, as with the PbTe devices, the backblas noise remains 

significant at 170K (Fig. 55). 

In the course of our invest igst ion we did not obtain a PbSe  Te 
0.8 0.2 

pinched-off photodiode that permitted low-noise operstlon st 80IC.  The closest 

spproach was a quarter-wave specimen that showed plnchoff beyond the backblas 

st which the 1/f noise becsme significant.* The properties of this device 

• It is of intsrsst that this specimen did not show significant degradation 
of the current response after baking at ibQPc  for four hours. Thus, the 
thermal Instability that was observed with quarter-wave PbTe devlcea may 
not be M severe with PbSe. 0Teft ,. 

O.o 0.2 



I 
I 
I 
I 
I 
I 
I „ 

I 
I 
I 
I 
I 
I 
I 

30 

I 
I 
I 

€(PbSeO8Te02) 

270 
270 
270 

6 8 

Vp(PbTe) 

NA(PbSe8Teo) 

NA(PbTe) 

2 
3 
3 

10 I.I 

PU.   50        C-Icul^d  reUU^htp. ^^ plnchoff ^^ ^  _ 

1.2 

0.8 "0.2 and 



JO ■o « 
Ui Ui UI 
o O Q - o o O 
Q Q 

1 
O 

1 
_ 1 

I 
I 
n 
i 

a> 

00 

o o o 
o o o 
2 0 0 
CD iß vf 

(Jd) 3DNVllDVdVD 

O 
O 
CM 

• 

I 

s 
5 

> 
6 

II 

I 
I 

[i 

n 
B 
B 

B 
I 
I 



I 

(i<J)  3DNV10VdVD 

l 
£ 

«X 

p 

( 

n 

'S 

I 
1 

S z 
li 
M 

1 



:-4 MONTHS AT 300° K 

10 
AS MADE 

J. 

94 MONTHS 
\AT 300° K 

O    HK207-2a 

X     HK207-3d 

-L 
2 3 4 

TOTAL BAKE TIME AT  l50aC (HRS.) 

I 95 

Fig. 5.1   RoA of X/4 PbS«0 8Tt0 2 d«vlcM afctr baking «c 150
OC. 
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■re given In Table 11 and F.gs. «»,57.  In principle, low-nolee plnched-off 

operation at 80K should be obtainable with a  reduction in Che acceptor 

concentration in the M^M^. A useful reduction In the capacitance 

has been obtained at 0.5V bickbia« and low-noise operaflon has been obtained 

at 0.4V hackbiaa, although not in the saw speciaen. Thia led to a series 

of experiaents in which subsidiary sources ol Pb and Se were used In an 

atteapt to define conditiona for , mwLh of PbSe  Te. . with p <  lü1^«"3 
0. o     u. -? 

rather than our usual  p % ^ :     u'cui \    Vuiu approach was u.i0u4 .eaaful; 

details are given  ii< Appenu       ■« 
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Tabl« 11 - PropcrtUa of a Quartar-Wave PbSa. ftTen - Davlca  (HK207-2d) 

Id Is spaclmen had araa - 5. 
The measurotm-nts were made 

76 x 10"4c«2 

at 80K after 
and thickneaa - 0.18 i 
baking for four houra 

t 0, 
at 

03 \m. 
150oC. 

• . zero blaa reaiatanca 
background currant 
calc. background noiae 
bandwidth 

• 4.17 x 105 ohm 
■ 1.71 uA 
- 1.96 pA 
- 7 Hz 

Backblaa Noiae (pA] »jOOOK) 

IAH"1] 

D*(4.9 urn)  at 
(cmHz'nr1 x lo'Sj 

Hz Capacitance 
(PF) ml 990 Ht 5kHx 10 kHz 

0 2.25 2.25 0.57 7.9 1220 

50 2.3 7.7 1150 

100 2.35 7.5 HOC 

150 2.9 6.1 1030 

200 4.6 0.56 3.8 980 

250 7.2 2.5 860 

300 8.1 2.2 660 

350 13 1.4 480 

400 14.5 1.2 330 

450 15.5 1.1 210 

500 15.5 0.55 1.1 107 

550 16.5 1.1 60 

600 40 

650 27 

700 19 
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*-5 Su—ry of M«ult> for Pinchmd-off ?hoto4iod»m 

For PbTe d*ccctor« that operate at 8«, rhe three-quarter-wave 

plnched-off photodiode provldea one to two ordere of Bagnltude reduction 

of the capacitance fro« that of conventional photodlodee.  This capacitance 

reduction la obtained vlthout any aacriflce In the other detector p-rasetera, 

euch ae detectivity, quantua efficiency, and cutoff wevelength.  The tranalt- 

tlae Um Hat Ions upon the  inherent apeed of the plnched-off devlcea have 

yet to be determined, aa has the phyalca of their collection MchanlM. 

However, the reeult eppeare to aake possible a useful Increaae of the rolloff 

frequency for the detectivity of detector/preaapllfier coablnatlona for the 

3-5 \m  apectral region.  The plnched-off capacitance le expected to scale 

with the dlode'a periphery, rather than with Ita area, ao the aagnltude 

of the ettalnable capacitance reduction will depend upon the diode alxe. 

For typical diode dlaenalona of 2 all x 2 ail we project that the junction 

capacitance «ay be reduced to 1 pF. which is aore than one order of aagnltude 

lese than that of a conventional PbTe device. 

The aituation with operation of plnched-off 3-5 ua devlcea at 170K 

la leae attractive. The three-quarter-wave devices require backblaa for 

pinchoff and the backblas regiae remains very nolay at 170IC, deapite our 

laproveacnt of the backblaa nolae at 80K. The quarter-wave PbTe devlcea 

do offer reduced capacitance at 170K, but their thermal Instability makes 

them unattractive for practical applications. For optimum 170K devlcea, one 

would prefer band-tailoring to extend the response to X - 5 ua.  Plnchoft has 

been demonstrated in quarter-wave PbSe0 8Te0 2 devlcea, but only at rather 

large backbiaaea. Pinched-off operation at aaaller backblaa appears to be 

I 
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poNHiblt vU  developsent of technique« for growth of PbS«  T«   Uycra 

with «MlUr carrier concentration«. Thla dtylopmmt,  together with the 

deaonatrated reduction of «Kceaa nolae In backbiaa would permit low-capacitance, 

low-noi.e operation of quarter-wave IM^^^I photodlodee at 80IC.  However, 

at present the exceaa nolae In beckbUa at 17« would appear to aake auch 

devlcee unattractive for thenaoelectrlcally-cooled operation. 

An unexpected apln-off froa the atudlea of plnched-off photodlodee 

le the developaent for both PbTe and PbSe0 8Te0 2 of laproved processing 

technlquee that permit bekeout at n0oC. The new proc.aslng also peraltted 

the uae of significant backblea at 80IC wlthuut the Intrualun of 1/f nolae. 
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5.  LATERAL COLLECTICH PHOTODIODES 

^•l Ctiral CopBiMtutlon» 

The lateral oollcctlon concept My be underet-xx) by referring to 

fig.   58.  In 58e we show 4 section of a conventional phutodlode.  Typically, 

the Junction depth la aaaller than the  «Inorlty carrier diffusion length 

and larger than the optical abaorptlon length. Under these condition« aost 

of the photons are generated on the surface side of the junction, which acts 

" • nearly perfect sink so that the quantum efficiency approaches the 

reflection loss Halt.  Figure S8h shows a first atteopt to reduce the capaci- 

tance by Baking the Junction area saaller than the collection area.  The 

trouble with this configuration Is that the quantua efficiency is reduced 

because photogenersted «inorlty carriers aay diffuse Into the bulk of the 

semi.onduitor and rerooblne there, rather than dlffuac to the Junction where 

they can be collected. Thle problea leads to the final configuration that 

is shown In Fig. 58c.  Here a barrier la Introduced to confine the photogen- 

ersted minority csrrlars to a akin near the surface. If this skin has a 

thickness much less than the minority carrier diffualon length the minority 

carrier concentration will be uniform across the skin and diffusion will only 

occur laterally toward the collector Junctiona. 

In principle, the barrier may be made In a variety of ways. Thus, 

s potentisl barrier with height greater than 2kT may be achieved by Increasing 

the doping level of the underlying material or by increasing its energy gap. 

A simpler scheme, adopted here, is to use an epitaxial layer of the semi- 

conductor on an insulating uubatrate. 

mm*m 
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Fig.   58        The l«t«r«l collection concept«. 
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Th« schraa in Pig. 58c give« « photudiode In which the area for 

photon collection la larger than the Junction are«.  In th« following 

dlacuaslon we analyze the condition» under which thl« arr«ngeBent can give 

reduced c«p«cltante wlt»»out too auch lo«« of quantua efficiency.  A« a 

bonua we find th«t the lateral collection «rrangc-ment offer« the possibility 

of increeaea in the Junction resiatance which would 1m reaae the Johnson- 

nolae-llalted detectivity «nd hence the opererlng t«^)er«tur«. 

5«l«l Collection Efficiency of «n Array of Strip«« 

Our prevloua work with thin-flla photodlodes has shown th«t the 

quentu« «fflcl«ncy 1« limited only by reflection losses. I.e. «vary absorbed 

photon generatea a «inority carrier Chat la coll«ct«d.  In «n«lyzlng th« 

behavior of lateral collection device«, with potentially leas efficient 

collection, w« define a collactlon «fflcl«ncy, nr, in terns of the overall 

quantua «fflcUncy. n, «nd th« r«fUctlon-losa-llmlted quentun offlclency. 

nR, «« follow« 

I 
( 

I 

* - Vc • 

Consider th« unlfor« array of stripes shown In Fig. 59« with exposure 

to light to give a unlfor« rate of photogenerer Ion of «Inority c«rrl«r« (G). 

Th« diffusion equation aay be simplified to one dimension by approximating 

the r««l cro88-««ctlon of Fig. 59b by th«t of Fig. 59c where the region under 

the n region la assumed to have perfect collection (as with a conventional 

thln-fllm diode) while the region from which lateral collection occurs I« 

fltt«d to the boundary condition of a perfect sink (zero exceaa minority 

carrier concentration) at the projection of the n region (rather than «t the 

Boundary of the depletion region). 

For the lateral collection region the dlffualon equation 

n 
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Fig. 59   Cconetry for an array of stripe collector«. 
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•VVI-. 
reduces to one dlaension with the solution 

where n is the excess minority carrier concentration, 

L - ^DT 

1« the minority carrier diffusion length, und 

la the diffusion coefficient. 

Imposing the boundary conditions 

,llx - w - ü • 

du I 
dx x - b " U ' 

where thf coordinates are those of Fig. !>•*, . we obtain 

—  1  co8h(B - X 
D     " cosh(B - W ) 

where 

X - x/L , 

B - b/L , 

W - w/L . 
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fj 

0 
Th« laterally-collect«! carrier flux into unit length of the collector Is 

JUt ' "^l     " cu*nh(B - w> 
X - w 

dr   e -  L 

with the boundary condltlona 

"Ir.*"0» 

'r - b 

and the solution 

I 

whence, adding the directly collected flux and dividing by the total generation 

rate, we obtain the collection efficiency 

- . W ^ te»ih(i - W) 

A plot of this function Is given In Fig. 60. 

5.1.2 Collection Efflclercy of an Array of Dote 

For the array of dots shown In Fig. 61a we nay approximate to radial 

synaetrv witli the coordinates of Fig. 6lb and approxlaate the true coufIguratlon 

of Fig. 61c by that of Fig. 61d, with the same alnpllfIcatlon of boundary , 

conditions as In the stripe collector case. 

The diffusion equation la now j 

1 

1 JQ ^ I ita .. n + c j 
u-2  r dr  .2  D    ' • 

I 
I 
I 
II 
fj 

(1 
I 
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Flg.   60        Collection «fflciency of an array of stripe collector. 
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n - CL 
GjCBH^R) * Il(B)C0(R) 

CjWywT'-TjTB^W) 

wht-re 

1 - b/L . 

W - w/L . 

R - r/L , 

and ln(x) and (^(x) are aodllied Beasal and Hankel functluns defined by 

I   (x)  -   rnJ   (U)     , n n 

c 00 - i**4a)tt«). 

Th« total photocurrant   Into the  Junction la 

I - Ciw2 ••• 2wwl4n 

dr 

( 

I 
I 
I 

where the Mrat tera la the contribution from the area under the n region. 

For coaplata collection I •*■ Gib2, so 

W2  2W f1^")0^«) * G1(B)11(W)1 

'G ' j2 + r ^I1(B)G0(W) + C1(B)I0(W) j ' 

A plot of  thia  function  la River, in Fig.   62. 

5.1.3 The Trade-off  Betwaeo Quantua Efficiency and Capacitance Reduction 

the analyala  in Sect lone 3.L.1-.2 may be uaed  to estimate the 

rapai Itarv •   reduction that  la attainable without  too  large a sacrifice In 

quantur efficiency.     For  the atripe collectora  the Junction capacitance, 

relative  to that of a conventional photodioda,  la U/B and plotting the 

r 
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Flg.  62        Collection efficiency of an array of dot collector«. 
[j 

H 



I 

I 
I 
I 

i 
I 
I 
I 
I 

ffl itlve c«paclt«nce against the r.-lallve quantua •fflclancy vc obtain 

Fig. bK Hart tha raducad haH-«ldth of tha atrlpe (W) la takan as a 

paraaatar. Slallarly. ior tha dot coIJattora, tha ralatlva capacltanca la 

(V/i) (whara W la tha raducad dut radlua). irtilch varlaa with the relative 

quantum efflcltucy aa ahowi in Fig. 64. Arbitrarily aaaualng that one can 

I opt a 10t dacraaaa In quantu« afflclancy. tha ralatlva capacltanca then 

varies with W aa shown In Fig. 63. 

For tha purpose of this aatlaate wa aaauaa that tha diffusion 

length (L) la 10 urn  and that dots and strlpaa with widtha of 5 ma (W - 0.23) 

are practlcabla. Now Fig. 65 ahow* that the ralatlva capacitance la about 

0.3 for stripe collactorv and abcit 0.1 for dot collactora. whan ona accept a 

a 10Z loaa In quantua efficiency.  Delineation of aaallar collactora would 

yield saaller caparltamea for the saae quantu» afflclanclas. 

5.1-* locraaaad Patactivltv a SiapllfUd Modal 

At flrat alght there would appear to be little scope for aajor 

laprovement uf tha Johnaon-nolse-llaltad detectivity of IV-Vl photodlodea 

bacauaa. In thla caaa 

D* • ndU)** . 

where both tha quantu« efficiency (n) and tha diode RA product appear to 

be approaching fundamental Halts.  Tha quantua efficiency la currently 

Halted by reflection loaaaa (which aay be aada aaall) and the RA product 

ia Halted by the Hfatlaa. 

Tha fallacy In thla argument Is that the Hfatlaa Haltatlon la 

upon RjnAjn while the D* axpraaalon requires »jnA(|-l, whwra A  and Adet are 
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RELATIVE QUANTUM EFFICIENCY 
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RELATIVE QUANTUM EFFICIENCY 

Fig. 64 Th« capacltaoc«/relative quantt 
array of dot collactora. 
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th« »fmm ot  thm  Junctlun and the J.t.ctor, r««p«cliv«Iy.  For convcotloaal 

d»vlc«s th« distinction it trivial because the two area« are approxiaately 

equal  Howver, for lateral collection devliea the two areaa mmy  differ 

by one or «ore orders of aagnltude.  », A. , should be capable of a 
jn aet 

significant   increase, which oust be considered  In the light of a siaultancous 

decree««   in n. 

The preceding analyses show thai  the collection efficiencies of 

of stripes and dot« tend to decrease rather slowly as the collectors 

are separated.     Since  the separation also lesds to an  Increaa«  of  8. A it 
jn det 

is intuitively obvious that the tradeoff between these changes will lead 

to an optlnua collector separation for a maximum value for the Johnson-noise- 

lUited detectivity. As a first approximation we consider the case where 

RlnAJn i*  lndeP«nd*nt of the Junction area.  This gives s simple picture 

that will be subsequently modified to take account of the more complicated 

acaling of resistance that Is to be expected with real photodiodes. The 

dimensions chosen are based upon the aasumption thst L % 10 um tor the IV-V1 

semiconductors in the temperature range that is of interest.  Photolitho- 

graphic processes sre suitable for delineation of atructures with dimensions 

of the order of 1 pm, so we consider valuea tor the characteristic collector 

dimension. 

W - w/L »v 0.1 

Figures 66 and 67 show the calculated relative values of the Johnson- 

nolse-llmlted detectivity aa a function ot collector spacing for the stripe 

and dot collector arrangements, respectively.  In this approximation, collectors 
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I 
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Fig. 67   Relative John«on-nol8e-llnlted D* of «„ array of dots. 



with U - 0.05 (w ^ 0.5 um)   In thu strip« geometry  give m  factor of three 

iAproveaent over the convent loon I device. With dot collectorB a soaewhat 

tmUm   «olUctlon efficiency 1» «.«re then off.et by the reei.tance increaee 

to give about on. order of magnitude Increase la D*.  In «ach case the optimum 

aeparution of the collectors is about two diffusion lengths. 

5.1.5 Tl»f Scaling of Raaiatance with JunrM™ ArM 

Butler hau shown that the resistance of PbTe photodludes is 

pruportlonal to exp | Ec/2kT ] over the temperature rang. (SO-JOOK) that is 

important for IR detector applications. This result has baan confirmed with 

our measurements of thin-film PbTe photodiodes in the temperature range 

80-200K.  Such behavior ia interpreted as arising from a limitation of the 

diode resistance by the generation and recombination (g-r) of elactron-hole 

pairs within Che depletion region. The detaila of the model are uncertain. 

The standard analysis assumes that generation and recombination occur via 

trapping centers whose energy la located at mldgap.  However, similar result« 

could be obtained with a range of assumptions about the recombination center. 

For the purpoae of the preaent analysis It Is sufficient to note that for a 

planar Junction the junction saturation current will be proportional to the 

volume of the depletion region ao that RJnA  Is a conatant.  On going to 

amall circular junctlona RjnAjn would be expected to remain conatant within a 

factor of the order of 2 that arises from the fact that the depletion region 

shrinks to a hemisphere, rather than s disc. 

The constancy of RJnAjn In th« g-r regime means that In this caae 

the preceding analyals for D* Increase (Section 5.1.4) la valid. However, 

deviations from this Ideal behavior are to be expected at higher temperatures. 
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wh«.« the diode  rmmlmtmncm becoaci diffusion  Halted,  and «t   lover tcapem- 

turee. where the  reeletance «ay becoM Halted by aurface  leakage. 

With progressive  Increase of the teaperature one will  eventually 

reach a point where  the diode resistanre becoaes  Halted by  theraal  genera- 

tion and dlffualon of  minority carriers froa outside  the Junction.     However, 

the use of a thin flla  leads  to a  larger diffusion-Halted  resistance than 

wuould be calculated  froa the Shotkley aodel. 

Conalder firat  a large-area diode  In a  M In with thickness b,  as 

shown in Fig.  68.    The diffuhion equation for alnorlty carriers in the 

p-reglon is 

d n     n    .  C      _ 3 - S ♦! - •. 

where, now. C is the rate of  theraal generation 

2 n n 
C--2.JL 

I PT 

If we assuae that  the sealconductor/insulator  Interface does not affect 

the  llfetiae. 

dn, 
dx 0  . 

x - b 

Under reverse bias the depletion layer acts as a perfect sink and 

»I. 0 . 

Whence, 
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The aaturation current density 1» now 

8«t x - 0 
pweN-c) 

When b/U i* Urge, t«nh(b/L) -► b/L and the Junction retistence is L/b tlaes 

that calculated fro« the Shockley model. 

For the case whtn the Urge-area diode U replaced by an array of 

small-area diodes the saturation current is further reduced by the collection 

efficiency, nr. discussed in Sections 5.1.1-2. Thus, the diode resistance 

becomes 

„b RShockley 

Typically, b ^ 0.5 um and nc '' 0.5 so that w« will get R ^ 40 Rshockl,y- 

At sufficiently low temperatures, RA for most IV-VI photodlodes 

(both thln-fllm and bulk crystal) tends to saturate at values that are 

almost terapfrature-lndependent.  In this regime the resistance-limiting 

mechanism has not been unequlvocably determined.  However, the extreme 

variability of the limiting values of RA, when compared with the values at 

higher temperatures, strongly suggests that the limitation la by surface 

leakage acrosa the depletion region. At /7K, the RA of PbT« may attain g-r 

limited values (^lO4 ohmcm2), but is frequently much smaller.  Similarly, with 

Pb  Sn  Te, most spedmenH p.ive KA 5 1 ohmcm2, although exceptionally 
0.8 0.2 

2 
RA v 10 ohmcm Is observed. 

1 
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The existence of a temperature-Independent shunt resistance can 

l«pose an upper Halt upon the Increase of RA that la attainable with lateral 

collection devices. The ugnltude of the effect my beest laated by comparing 

the limiting values of RA tor conventional and I.C devices that have the sane 

active area.  For a conventional aquare photodiode with aide D the resistance 

will he given by 

- oD ♦ 40D , 

where af0 are conatanta and the seiend term repreaents the conductance due 

to leakage around the periphery.  In Che .limit of domination by aurface 

leakage this glvca 

(RA) 
conv.surf. 

D 
40 

For comparison, consider a lateral collection device that conalata of a 

square array of circular collectors with diameter d, s^eclng b, and overall 

dimensions 0 X D.  In this case 

(RA) 
LC.surf.  Swd 

Note that, while the leakage of a conventional photodiode becomes more 

significant aa Its dimension D la reduced, the leakage of the LC device la 

independent of the active area and depends only upon the dimensions and 

spacing of the collectors. 

Relative valuea of RA (In arbitrary unite) for Che two kinds of 

device with typical dimensions are ahown in Fig. 69.  It will be noted that. 
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I0? 

Surface-leakage-linited RoA products for conventional and 
lateral-collection device«. 
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for  2 all-squar« detectors and  2  um-dimmmter collector.,  the  leakage  resiatance 

of  the LC device  ia larger than that of  the conventional device,  provided 

that   Che collector apuclng ia at  leaat  10 urn.    For the 2 all-aquare device, 

the leakage reaiatance of the LC device la at leaat equal to that of the 

conventional  device,  provided  that 

J2 > 40 

I 

I 

I 

k- 

where b and d are In um.    for  reasonable values of d, this impoaes lower 

lUlts upon b, and hence upon the diffusion length, L, since for adequate 

collection we require that approximately 

L > b/2 . 

The lower limits upon L arc: 

d  (\m) b  ivm) L (ua) 

1 i    6 I 3 

2 t    9 I 4 

5 t 14 > 7 

This restriction upon L is somewhat less severe than that of L % 10 um  that 

was Impoaed in the preceding analysis of devices without surface leakage. 

We now conalder a worse caae, where the RA of a conventional device 

(either for 3-5 \im  or 8-12 un) la dominated by surface leakage at 77K, but 

is nevertheless adequate for attainment of background-limited detectivity at 

that temperature.  On warming to some intermediate operating temperature 

I 
I 
I 

I 
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(«.g. 17(X) RA for the tunvantlunal devl«• J«rreasas, while Its quantua 

• fflrieniv rrmmin* »Iwtomt  ron«tant.  Thus, th« <onvenlioaal dcvlc« eventually 

become« JohtiMun-noUe-llalted. The corresonding LC dtvice will also be 

barkitroitrai lialted at 77K  with • detectivity that 1M reduced fro« that of 

the convent i«n»al device by the tacto;- n'.  In this cast, reduction of the 

backftrouiid photon flux will give »lalUr Increases In the detectivities 

of the conventional and LC devices. At the Inleraedlate operating te«perature 

the RA of the LC device my atlll be United bv surface leakage.  However, 

in this caae. If the criteria above are net, this condition will still give 

a b-tckim«und-llBlted detectivity. 

We conclude that Hältst ion of tha LC diode resistance by surface 

leakage should not degrade the RA of such a device significantly below the naxlaua 

value that la attained by a conventional device with typical detector dlnenslons. 

rhus, while surface leakage aight liait the laprovenent in the reduced- 

background perforaance at 77K that is attainable with lateral collection, 

it would not be expected to prevent Che altainaent of background-Halted 

perforaance at interaediate operating teaperaturaa. 

5.1.6 P rojectad Detectivity of Lateral Collect loo Davices at 3-5 ya 

Butler    has shown that diffused junctions in PbTe have 

RA « explE^/2kTl 

and has interpreted his results in teras ot ^"«ration and recoabination 

of electron-hole pairs within the depletion region.  Siailar results have 

been obtained with Schottky diodes aade with thin filas of PbTe    and 

PbSe   .  Butler used a aodel  ' with generation-recoabination (g-r) 

centers at «idgap, for whlth the zero-bia:. resistance-area product la 



-M- 

R A- -^ 0     7m. depl. 

wh«r« w 1« the width of the depletion rcRlon and T.  . Is an «ffectiv« 
depl 

lifetlBc that wee found to be about 10 noec. 

The sltnlficanc« of Td j, as defined above, depend» •onwwhat 

upon the details of the aodel used.  Here we trMt T.  , •■ • pheno«enoloKlt«l 

p«raastsr and fit to the largest value of EoA (- 2 X 10* oh«»2) reported for 

PbTs (with p - 1 X 1018 cm'2)  at 77K.(l9) This gives x. , ^ W nssc. In 
dspi 

fair sgreeaent with Butler's estüute of 30 ns. This approach has previously 

glvtn good dgreeaent with the observed temperature dependence of both R A and 
o 

D* for thln-fll« PbTe photodlodes.(2) Here we slightly »odlfy the calculation 

to estimate the g-r-Halted RoA and D* for conventional 1V-VI photodlodes that 

have been band-tailored for 5.0 um cutoff (EG - 0.2A8 eV) at their operating 

temperature. 

Values of .^ have been calculated from the band-edge effective 

masses given by Dlmmock's model for «^.„Sp Te(20>*and the depletion layer 

width has been obtained from the approximation for a one-sided sbrupt Junction 

w - &t- 
with a ststlc dielectric constant c ■ 400 c . 

■      o 

For comparison we have cslculsted the diffusIon-limited R A for 
o 

the sbrupt one-sldsd Junction using the Shockley model(18' for which 

* At hl.h enough temperatures. nl oi FbTe la intreaaed bv a tontributlon to 
the density of states from a lower-lying heavy hole band.^1' This may b 
neglected for T 5 250K and p 1 1018 cm"3. 

be 
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where 

9 

M - 5.2 K loV5/2 c.V1.^"1 

In th« temperature racge of Interest.  The choir« of T I» ■o»«wh«t arbitrary. 

Dlract BeaaurewntH with p»>0 gSn0 2Ta have given iifatlaea of th« order of 

10 naac in th« t«aperature range 77-30» and we follow thia for the diffualon- 

llalted RoA. Thia asauaption la not likely to lead to a large overeatimate 

of th« diffualon-liBitad i A of 3.5 ua d«vlc«a bacaus« our observation of 

reflect lon-lo«a-ll«lted qu^ntua «fflcUncy in • 4.1 ua-thick PÜTe dlüdi2) 

lapliea that T * 5 naac in the range 80-170K. 

Th« reaulta of the«« calculationa ar« «hown in Fig. 70. The 

raalstance-area product is doainatcd by the g-r aechaniaa ar lei^eraturea 

up to about 200K «xc«pt for carrier concentrations las« than about 3 X 1017 ca~3 

where th« dlffuaion aachanlaa aay he algnificant for teaperature» above about 

170K. The correapondlng detectivltlea at X • 5.0 ya are aliuwn In Pig. 71. 

Hera the quantum efficiency has been aaauaad to be 0.5, correapondlng approxl- 

aately to a typical reflection loaa llalt for a IV-Vl photodiode. For 180° 

field of view the background Halted detectivity la 1.3 X !'VJ raluS* * and 

th« calculated lohnaon-nolae-liait la equal to thia valu« in the teap«ratur« 

I 
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Fig.   70        C«lcul«t«d R0A for  5 m cutoff conv«ntloii«l photodiod.s. 
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Clculated pe-k D*  for  5 urn cutoff convention.! photodlod«. 
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»-H.OK  for hole concmtratloiM   In  the   J X  1016 -  1  X 1018 Oi"3. 

P»   |  tcmilta are  In  fair accord with experlaental data  for conventional 

'hii-ill« ibTa photodiodea In the range 80-17«. (2) 

The eatlsated  laprovencnt   In R, A.       Chat  Is obtainable using 
Jn det * 

I Itcnl tul lection la shown In Pig. 72.  Here we aaauae that the alnorliy 

.i. -r dltfusion length (L) la 10 um  and that the collector dlaaetar la 

1 urn   to  tlut the reduced radius (W) la 0.05.  The reduced collector spacing 

(B) la taken aa 0.8 to correspond to the broad optlauai In D* In Fig. 67. 

Wit)! these assuaptlons we obtain the temperature-dependent Johnson-nol.te- 

llaited detectivity shown In Fig. 73.  For theae calculations tha surface 

leakage has been neglected, ao that the calculated valuea of D* at 77K under 

reduced background may not be attainable.  However, from the analysis of 

leakage In Section 5.1.^ "• may conclude that the predicted values of 

• J 10  rmHiV near 200K are attainable. This opens up the possibility 

that 180' FOV background-limited 3-5 u» eyatems may be operable with relatively 

simple four-stage thermoelectric coolere. 

3.2 Experimental Raaulta 

••.2.1 fhe Diffusion Length In PbSe. aTen , 

Mu. h of the analyala In Section 5.1 haa been baaed upon the aasump- 

tlon that the minority-«arrler dlffualon lengths In IV-V1 semiconductors 

would be of the order of 10 um.   Thus, It la of Interest to note that evidence 

for  <lirctlon over auch dlataices has been obtained with conventional 

PbSt'ü.8T*0.2 thlD'f11" Photodlodes.  Such devices with 3 mil-square Junctions 

hav. «Iven 500K blackbody current responalvltlea at 170IC that correapond to 

the reflectlon-losa limit for approximately A mil-square active areaa54^ 

Thla Implies that the diffusion length Is approximately 0.5 mil (% 10 m). 

Mb 
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I Th« I«ter*l collection interpretation ic conllraed by Fig, 74, which shows 

flying-spot scans for a pair of such diodes with a 3 ail space between them, 

I 
It la evident that there la substantial collection fro« the region between 

the diodes and that the extent of the lateral collection Increases an the 

temperature la decreased fro» 21« to 77IC. 

I 5.2.2 Fabrication of Literal Collection Devices 

I 
In general, the methods that were used to make lateral collection 

devices were based on the delineation techniques that are deacrlbed in 

Sections 4.2.1 and 4.3.1.  Small collectors were made by evaporating Pb 

through a matrix of holes in a vacuum-deposited BaF ineulator. A cumaon 

connection to the collectors was then provided by the remainder of the Pb 

layer. A schematic diagram of this arrangment is given In Fig. 75. 

Nominally 12 mil-square active areas were obtained with arrays 

of approximately 5 um-wlde at ripe collectora on 15 um centers.  For dot 

collectors the 12 mil-square active area was occupied by a hexagonal array of 

approximately 5 wm-dlameter dots on 15 um centers.  For comparison, conventional 

12 mil-square dlodea were made on the name chip. This arrangment is shown In 

Fig. 76.  For the nominal 5 um line widths and dot diameters the capacitances 

of the lateral collection devices are 0.33 and 0.10 of the 12 mil control 

diodes.  In practice, these values vary somewhat with changes In the width 

due to variations In photoreaiat proceaslng. Thus, an increase of the line 

width from 5 u« to 7 um changes the relative capacitance of the stripe diodes 

from 0.33 to 0.47. 

Uae of 1.7 um-thlck layers of Shlppley AZ1350J realat permitted 

delineation of holes with diameters less than S um In 0.3-0.6 um-thick layers 
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of HP2.  Figure 77 shut» m  «xupl* of thl» delineation.  Ho»#ever, Uter.l 

collection diode, nit In ihi. w.y ueuelly .howed «weh ».Her current response 

then the 12 all control diodes.  Thle reduced response was particularly 

■arked with the arrays of dot collectors. 

Flying epot-.cans of such lateral collection devices (Initially 

provided ; v NVL and later confirmed with the Ford scanner) showed that the 

responses of the saall collector« were very nonunifor«. Typically, only a 

fraction ot the collector« within a device «howed current response.  An 

exaaplr vi   thl« behavior is shown In Fig. 78.  The nonunlform response 

appears to occur because the Pb layer at the botto« of the hole lo the 

BaF2 la frequently not connected to the Pb pad.  Scanning electron alcroacopy 

of the photoreelat patterns revealed rounded edges as shown In Fig. 79. 

Subsequent vacuun depoaltlon of BaF2 and removal of the reslat would then 

give hole« with overhanging edge« which would tend to make the Pb layer 

dlacontInuou«. 

At thl« stage we do not have a aatlsfactory proces« for making 

the Pb layer continuous.  However, the nature of the problem was confirmed 

and lateral collection was demonstrated by overcoating the Pb layer with 

«liver paint (#SC12. Mlcroclrcult« Company. New Buffalo. Michigan).  Figure 80 

«hows spot scans of «ripe «nd dot lateral rolle.tIon device« together with that 

of a 12 all control diode.  Before «liver painting neither of the lateral 

collection device« had given significant current response. After painting, 

the response of the stripe device wa« approximately equal to that of the 

control diode. Overall, the dot device attained about half of the response 

of the cortrol.  From Fig. 80 It I« evident that this device has region« 

where the dots give full re^onse and'others when there Is little or no response. 

I 
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5.2.3 • of  D>V1CM with Strip« Colimctar. 

In th« follwing tables m  pre.ent th« result« of detailed 

«a.urW.u  of two HbSe0 8Te0 2 lateral collection specula.  In each 

cae- Ih« stripe collector, were connected using silver paint. The se.l- 

con.I-.mr layer thicknesses were both .bout 3 u..  This is sonewhet larger 

tl...n I. , the optl««. .a«es tl.at ere dl.cuaaed In Section. 5.1.1-2. but 

.ati».t utof.  oil action was obtalnwil 
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T«bl« 12 - HK 241-» at 80K 

This  speclBen was made  fro« PbSe      T*.  . with thlckneaa  3.0 y« and  hoi« 
17 -3   ^ mM 

concent rat ion 1.3 x 10 ca    rh« control diode had dlnMnalons 306 um  x 306 \m 
-4  2 

• 9.36 x 10 c« and the stripe diode had 21 noalnally 5 ya-wlde «tripes on 

13 UB cancer«.  The ratio of the pad capacitance« lead« to an estimate of 8 wa 

for tha actual «tripe width.  Measureaents were aade at B0K and 1 kHx or 

3 kHz with  10 Hz bandwidth.  Pig«. 81-87 show the speitral detectivity, the 

C-V character Ist its, the diode delineation« and flying spot «c«n«. together 

with extended d«ta on the leaperature dependence of the current reeponsivlty 

and the KA product. 

* Allowing for 30 pP pad capacitance 

dloda h 
(control) 

diode J 
(atripaa) 

Zero-biaa raslatanc« |pha] 3.0 x io4 2.6 x 10* 

Background current   luA) 5.54 S.24 

Calc. noi«« |pA) 4.2 4.1 

Ä1(500K) lAW"1! 0.84 0.79 

n(4.9 i«) 0.81 0.76 

NolM  [pAl 

at 1 kHz 6.8 5.6 

at 3 kHz 

D*(300K) IcaHfV1! 

5.0 4.1 

at 1 kHz 1.2 x io10 1.4 x 1010 

at 3 kHz 1.6 x io10 1.9 x 1010 

D*(4.9 i«) [caHzV1! 

at 1 kHz 4.6 x io10 5.3 x 1010 

at 3 kHz 

D*(6.0 um)  {caHzV1! 

6.1 x io10 7.2 x 1010 

at 1 kHz 6.4 x io10 
7.4 x 1010 

at 3 kHz 8.5 x io10 1.01 x ID11 

Zero-bias capacitance (pP] 750 420 

Capacitance ratio* 0.53 

T— 
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- HK241-A «t WOK 

Th# detail« for this spcriBen «re Riven In Table 12.  MeaBureaent« were aade 

at 170K wlrh a (requencv of 1 kHa «nd with 10 M. bandwidth. 

diode h 
(control) 

diode j 
(«tripe«) 

Zero-bU« re«l«tance loh-l 2.9 x 10J 3.5 x io3 

R.i ►> i .und current   luA] 1.66 1.58 
Call .  not««-   InVj 16.1 17.4 

^(JÜOK)    l,NW'lJ 0.55 0.55 

n(5.0 um) 0.92 0.92 
Noise    InV) 

D*(y»UK)    lwnH*VlJ 

17.5 

8.8 x 109 

21 

9.3 x 109 

D*(5.Ü vm)    IcaHiV1) 5.9 x io10 
6.3 x io10 

Zero-hla« capacitance IPFJ 550 315 
Capacitance ratio* 0.'>3 

* Allowing tor 50 pF pad capacitance 
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Table 14 - HK251-4 at 80K 

This Hpeil^n was mad« fro« PbSe0 gTe0 2 with thlckncaa 3.2 um and hole 

conient ration 3.5 x 10 ca  .  Measurements weie made at 80K and 1 kHz 

with 10 Hz bandwidth. The specimen had two control dlodea and two stripe 

diodf. with 21 nominally 5 uta-wlde stripes on 15 w« centevs.  The control 

dimensions wer« us given In Table 12 and the capacitance« ratio gives an 

estimate of fa M« for the actual stripe width.  Figs. 88-93 give the spectral 

D*. spot scans and extended data on resistance, capacitance and current 

responKlvlty. 

control 
I hi 

stripes 
diode d dlod« diode e diode J 

Zero-bias resistance (ohm) 3.2 x 105 1.4 x 105 1.7 x 106 3.9 x 10* 

Background current 

Calc. noise [pA! 

Ml 3.31 3.32 2.67 2.90 

3.3 3.3 2.9 3.3 
^(500*) lAW"1) 0.78 0.74 0.6S 0.67 

n(5.3 urn) 0.74 0.71 0.62 0.64 

Noise lpA| 3.i 3.3 2.6 3.5 
DM500K) (crnHzV1) 2.4 x 10lC 2.2 x 1010 2.2 x 1010 1.9 x 101( 

D*(5.4 vm)    (crnHzV1) 1.00 x 1011 8.9 x io10 9.3 x 1010 7.6 x 101( 

Capacitance* IpF) 

at zero bias 2300 2300 920 

at. 0.1V backbias 1740 1760 700 

Capacitance ratio** 

at zero bias 0.39 

•t 0.1V backbias 0.38 

*  diode J became shorted before Its capacitance could be measured 

** allowing for 50 pF pad capacitance 

| 

1 

1 
I 
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■ 
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1 
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mu 15 - ^251-4 at 170K 

Th# detail« for this mpmclmmu mrm  glvM in TabU 14. 

170K and 990 Ht with 10 Hz bandwidth. 
• wer» aad« at 

E 

Zcro-blaa raalatance |ulia| 

B«< kground  current        |j-Aj 

(ah .   ri< iae fciV ) 

^(SOOIC)    lAW-1) 

n(4.6 urn) 

Holte    hV) 

D*(500lt)    IcmluV1) 

D*(4.6 \m)    [cmt\l'l\ 

Capacitance*   (pF) 

x*ro bias 

0.1V backblaa 

Capacitance ratio** 

zero bias 

0.1V backblaa 

4io4m 4 
£S»USl  

2.6 x 10' 

1.09 

16.5 

0.78 

14.5 

7.0 x 10 

4.4 x 10 

1410 

1460 

10 

diode I. diode • 
«llMS. 

3.4 x 103 6.0 x 103 

1.09 

18.9 

0.63 

17.5 

0.91 

25.9 

0.60 

22.5 

6.9 x 10T 7.3 x 10 

4.4 x 1010 4.7 x 1010 

1550 zoo 
1460 630 

0.45 

0.41 

diode j 

1.6 x 10 

0.93 

12.6 

0.55 

11.5 

5.2 x lo' 

3.3 s 10 

220 

590 

0.12 

0.38 

10 

*  m NTÄT^K IST* U *n0m*l0Um nMr terü ""'   Thl8 l' p'rtlcuUrly 
** Allowing for 50 pF pad capacitance 
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5-3 Sugary m R«»ulf for Uttral CoIUctlon Dmiicmm 

The Pb(S«,Tt) Uttral collectlun devices that have been character- 

iztd have 8h*w\  capacitances that are reduced by a factor of about 2.5 fro« 

th«t ot ronventlonal thln-flla devices.  This capacitance reduction has 

been obtained without appreciable sacrifice ol quantun. efficiency or detectivity 

and It hss been demonstrated over the rather Urge tenperature range of 

80-240K. 

From the spot-scan results with dot collectors It Is evident that 

slgnlfli.mt turther reduction In the capacitance would follow fro« a successful 

solution to the problea of connecting all of the dots of a lateral collection 

device.  This would also permit an experimental test of the predicted Increase 

In the Johnson-nolse-llmlted detectivity. At present, the factor of 2.5 

decrease In the Junction area that has bv-en obtained with stripe collectors 

does not give a big enough effect to permit conclusions shout the «callng 

of resistance with diode area. 
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6.     CONCLUSIONS 

Th« two approaches that were taken In this work have both  led 

to  IV-VI  photodiodes with substantially  reduced capacitance«.     The plmhed-off 

photodiodr  is particularly effective  for  PbTe near 80K,  where a capacitance 

reduction of  up  to two orders of magnitude has been denonatrated.     Further 

work  is  required on four aspects of  this device: 

(I) Development  of  theoretical  models and their experimental 

verification.     These are needed to understand  both  the 

collection mechanism and  the  transit   time  limitations 

upon operating frequency. 

(II) Measurements of  speed of  response. 

(ill)     Further  reduction of  the backblas noise  to permit operation 

in the  Intermediate  temperature range  (17O-200K)  that   ia 

accessible with thermoelectric cooling, 

(iv)      Extension of  the  results  to other IV-VI  semiconductors  (such 

as Pb(Se,Te)  and   (Pb,Sn)Se)  for intermediate-temperature 

operation at   3-5 wm and  for 80K operation at  8-12  um. 

The lateral-collection photodlode has been demonstrated  to be 

effective with Pbs«0#8
Teo.2 over the t«inP«rature range 80-240K.     Here,   the 

demonstrated capacitance reduction,  by about half an order of magnitude,   la 

more modest  than that  for the pinched-off photodlode.     However,  with fabrica- 

tion of optimum structures  further  improvements are to be expected  to give 

at  laaat one order of magnitude  less capacitance than a conventional   IV-VI 

photodlode.     The optimum lateral-collection device has  the  further advantage 

fk 
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th*i It in predlccad to permit JI» increase In the operating temperature from 

Chat ..I u KM.ventional device.  Further work Is needed In the following areas: 

(1)   Development of fabrication tachnlquea for small diameter 

(^ 1 vm)  collectors. 

(il)  Experimental studies of the relationship between Junction 

area and diode resistance for very small ('v 1 ua) diodea. 

(Hi)  Extension of the results 1 rom PbSe «Te   for the 
0,8 0.2 

3-5 vm  region to Pb,K93
So0to7

Se for th*  8~12 !• region. 

2 

l 
I 
l 
l 

l 
l 
il 

mm 
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APPEWDIX I - Calculation of th« RLL Quantu« Efficiency for PbTe Dgvlcc» 

If one MHBM vo^lete collection of photogene rated «Inorlty 

carriers In a thin-fllo PbTe photodiode. the quantum efficiency la limited 

only by reflection and tranaalHslon lossea to* 

n - (i -11« na - 2  n3 
01 '12 23 

:)  . 

where the aubacrlpts 0, J, 2, and 3 refer to vacuu«. BaF , PbTe, and Pb, 

reapectlvely, and N  Is the coaplex refractive InJex of aedlua j. 

*im'i-iki • 

01   1 ■♦• N2  * 

(N1 - N2)(N2 ♦ N3)ei ♦ (N1 ♦ N2)(N2 - N^e" 

(\  ♦ N2)(N2 ♦ N3)e* > (N1 - N2)(N2 - N^e" 

23 

AN1N2 

(Nl + N2)(N2 + N3)e* + (Nj - N2)(N2 - HjS* 

♦ - 2*1 

I 

I 

where d la the PbTe film thickness and X  la the vacuum wavelength. 

For BaF2, refractive indlcea have been taken from Mallt8on^
22\ 

neglecting the small absorption. Experimental values for the real part 

* Theae calculations are for normal Incidence. However, the large refrac- 
tive Index of PbTe (-v 6) precludes large deviations from normal rays 
within It and the approach taken is a reasonable approximation. 



ot the PbTe Index at 80K are fron PIrr loll. 
(21) 

The Imaginary part of the 

PbTe Indtx i« fro« an optical absorption coefficient of the for« given by 

(24) 
Uashwell and Cuff 

o(A) - 

C<1+ w^-v 
I ♦ exp|  (REr ♦ Ec ' Ex)/RkTl 

where 

1 •l * ^y,,D.( 2.02 

and % v* "w r 
ar* the density-of-atate« aasaea for the valence and 

conduction ! .n.ls. l [ , E , and E^ are the Kermi , gap, and photon ener{ 

respectivolv.  The constant C ha*  been chosen to give agreement with 

4 „-1 
Plicioll'i* experimental values at large photon energies (a - l.S x 10 

(25) 
at P.. ■ 0.J eV).  The optical constants of Pb are from Golovashkin. 

Comparison with calculations made aaaumlng perfect reflection 

from PbTe/Pb shows that the main effect of the Imperfectly reflecting inter- 

face U a shift of the predicted maxima to allghtly longer wavelengths. The 

shift is too small for experimental verification with the present uncertainty 

in our film thickness measurement (t 0.03 um). 

Ihe calculation has been extended to PbTe Schottky barrier 

diodes at 17UK.  Here we have retained 80K values of the real part of 

the PbTe Index and Interpolated the Pb constants from Golovashkin's 

* Experimentally we find that the absorption maxima do not shift significantly 
in the range 80-200IC, so np.- is essentially temperature-independent over 
most of the wavelength range of interest.  The assumption may introduce a 
small ertM near the absorption edge where the index tends to increase. 
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80K and   JO« value..    Th« calculation »how» that  the only notlcaabU «ffact 

of  ta.p.ratur. upon th« raflaction-loaa ll.ltad apectral Tiantu» afficlancy 

arise,  (ton th« ahlft of  th« abaorptlon «dg« du«  to th« chang« of  th« bandgap 

Our pravlou. voTk(2)  ha« shown that  th« cal.ulafd RRL quantu« «fficl«ncy 

1« In r«ap«ctabl« agr««a«nt with Masuraaenta on conventional  thln-fll« 

PbT« photodlod« at  both 80K and  170K. 
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I 

Am-S-"A " " Atteapt to Crow Wii^^fc^a with Reduced Acceptor ConcM trat Ion 

An attempt was made to grow HbS«0 gT«0 j laycm with reduced carrier 

<oncentratlona by adjuataent of the flux from a »ubsldlarv selenium source. 

Lavers with thickness 3 um were grown at 2 u»/hr. onto cleaved BaF sub- 

strates (from Harshaw) that were held at 350OC.  The evaporation rate fro« 

the subsidiary selenium source (at 20 cm distance) was varied over almost 

two ordera of magnitude.  The resulting carrier concentrations (from 77K 

Hall measurements) are shown In Flg. 9A.  Aa expected, the carrier type 

changed from n to p with incrcaae of the Se flux.  However, the change with 

Se flux was too abrupt to permit controlled growth of layers with p < 1017c«~3. 

Similar results (though with more scatter) were obtained with a lead subsi- 

diary source using different batches of PbTe and PbSe deposited at 450OC 

(Fig. 95). 

I 
I 
I 
I 

I 
I 
I 

1 

I 



I 
I 
I 
I 
I 
I 
I 

I 

I 
I 
I 
I 
I 

1 '  '   »   »    I      It—p 

,   UJ UJ 

L   >■ >- 
»- H 
i i 
c a 

O • 

O 
O 

y* 

G o 

o    o 

J 
UJ 

!i 
X 

9 5 
O 
Q. 

§ 
UJ 

UJ 
-I 
UJ 
to 

1 '   '   ■    ■     •       ... 

2 o 
U ^3) NOIlV«iN3DNO0 «3I«MVD 

1 



r 

si 
H si 

r 

■ 

li 
a 

(f.UI9) 

N0I1VU1N33N03 «3l«dV0 



I 

- 

I 
I 
I 

«•' 

I 
I 
I 
I 
I 

I 
I 
I 
I 

-w- 

1. Coolran DAAIC02-72-C-0391, Fin«! Report (1973). 

2. Contract OAAK02-7 3-C-0225, Final Report (1974). 

3. r.mtract DAAIC02-74-C-0124, Final Report (1975). 

-          4. Contract DAAIC02-74-C-OISI, Final Report (1975). 

b.    H. HuIIowey, D. K. Huhnke, R. L. Crawley, and E. Wilkee, J. Vac. Set. 
Technol. 7, 586 (1970). 

6. A. M. Andrrw». I. A. Higglna. J. T. Longo. E. R. Gertner. and J. C. Faako 
Appl. Phya. Letter«, 21, 285 (1972). 

7. A. H. Andrew«, I. T. Longo, J. E. Clarke, and E. R. Gertner, Appl. Phya. 
Lettera, 26, 438 (1975). 

8. R. T. Bate, D. L. Carter, and J. S. Urobel, Phya. Rev. Lettera, 25, 159 (1970). 

9. 8. Burkhard, G. Bauer, and A. Lopea-Otero, Solid State Co»., 18,773 (1976). 

10. H. H. Rolla and 0. V. Kddoll«, tnfr«red Phy«. 13, 143 (1973). 

11. J. M. Tracy, A. M. Andrew«, J. E. Clarke and J. T. Longo, Paper 
preaented at IRIS Detertor Specialty Group Meeting, Fort Monwouth, 1975 

12. K. W. Nill, A. I. Calawa. T. C. Herman, end J. N. Ualpole. Appl. Phya. 
Lettera. 16, 375 (1970). 

13. For exaaple, R. F. Egerton and C. Juhaaa, Brit. J. Appl. Phy«., 18, 1009 

(1967). 

14. R. Dalren, Infrared Phya. 9, 141 (1969). 

15. J. Butler, Paper preaentvd at IRIS Detector Specialty Group Meeting. 
Orlando, 1972. 

16. E. M. Logothetia. H. Holloway, A. J. Verge, and E. Wilkes. Appl. Phya. 
Utter«, 1^, 318 (1971). 

17. D. K. Huhnke and H. Holloway, Appl. Phy«. Lettera, 24, 6JJ (1974). 

18. S. M. Sxe, Physic« of Semiconductor Device«. Wiley, New York (1969). 
Chapter 4. 



p 

- 

19. I. P. DcnMlly, T. C. H*rm*n. A. C. Foyt «nd W. T. LIndley, Appl. Phy«. 
litter»,  20. 279 (1972). /.  fK   »r 

20. J. u. DlMock. Proc. Conf. ScaiaetalB and N«rro«-G«p S«iiconductor*. 
D. L. Carter and R. T. Bate, editors. Acadealc Press. New York (1970). 

21. L. M. Rogers. Brit. J. Appl. Phys., 18, 1227 (1967). (This paper contains 
references to earlier work.) 

22. I. H. Nalitson. J. Opt. Soc. Am.,  42, 684 (1964). 

23. N. Plccloll. Thesis. University of Peris (1971). 

24. E. K. Wunhwell and K. F. Cuff, Radiative RecoBbination Symposiu», Paris 
Acadml. Press, New York, (1964) page 11. 

25. A. I. Goloveshkln, Soviet Phys. JETP, 21, 548 (1965). 


